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PREFACE

This JPL publication is an unedited copy of a thesis prepared by Nina K. Lolk as
a partial requirement to obtain the Master of Science degree from the Department of
Atmospheric Sciences at the University of California, Los Angeles. The research was
performed under Contract 958658 to UCLA from the Jet Propulsion Laboratory,
California Institute of Technology, with funds from the National Aeronautics and Space
Administration (UPN 578-22-26-40). The thorough presentation of the results of the
climatological-mean monthly simulation of tropical Pacific oceanographic conditions was
deemed of value to numerous ongoing programs, such as the Tropical Ocean Global
Atmosphere (TOGA), Equatorial Pacific Ocean Climate Studies (EPOCS), Tropical
Instability Wave Experiment (TIWE), and TOGA Program on Seasonal-to-Interannual
Prediction (T-POP), to warrant additional distribution of the thesis as a JPL publication.

Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not constitute or imply its
endorsement by the United States Government or the Jet Propulsion Laboratory,
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ABSTRACT OF THE THESIS

Annual and Longitudinal Variations of the
Pacific North Equatorial Countercurrent

by

Nina Kjaerbo Lolk
Master of Science in Atmospheric Science
University of California, Los Angeles, 1992
Professor Carlos R. Mechoso, Chair

The climatological annual cycle of the Pacific North Equatorial Countercurrent
simulated by an ocean general circulation model (OGCM) was studied. Emphasis was
placed on the longitudinal variation of transports, degree of geostrophy and the
relationship between Ekman pumping and vertical displacement of the thermocline. The
longitudinal variation was explored using six sections along 150°E, 180°, 160°W,
140°W, 125°W and 110°W.

A primitive equation OGCM of the Pacific ocean, developed at NOAA's
Geophysical Fluid Dynamics Laboratory, was run for 3 years and the fields used were
from the third year. The fields consisted of zonal, meridional and vertical current
components and temperature and salinity averaged every three days. The model was

forced with the Hellerman and Rosenstein (1983) climatological wind stress.



The mean annual eastward transport (19.9 Sv) was largest at 160°W. The month of
maximum transport was September along 160°W. Annual mean (and standard
deviation) current boundaries along 160°W were 9.2°N (1.0°), 5.1°N (1.1°) and 187 m
(90.6 m). The amplitude of the annual cycle of the NECC was greatest between 160°W
and 140°W. Although the NECC is geostrophic to the first order, deviations from
geostrophy were found in the boreal spring and summer near the southern boundary and
near the surface. Meridional local acceleration was found to play a role between 3°N-
5°N.

The relationship between Ekman pumping, thermocline movement and the model-
simulated vertical velocity was studied. Results indicate that thermocline movement is a
poor indicator of both the vertical velocity and the Ekman pumping velocity. However,
a weak relationship was found between Ekman pumping and the vertical velocity.



CHAPTER 1

Introduction

The North Equatorial Countercurrent (NECC) flows from west to east, counter
to the prevailing winds in the latitude band from 5° to 10°N. Present knowledge of the
NECC characterizes it as being in geostrophic balance to first order but yet possessing
high variability on the intra-seasonal, annual and inter-annual time scales. Seasonal
variations in the strength of the surface NECC were discussed as early as 1895 by
Caesar Puls (Wyrtki and Kendall 1967). Much of the knowledge of the NECC is based
on apblication of the geostrophic method as direct current measurements are scarce but
widespread observations of sea level, temperature and salinity are taken routinely.
Historically, the presence of the NECC was first explained by Sverdrup (1947) in terms
of the wind stress curl.

A major difficulty in applying Sverdrup's geostrophic theory is the large
uncertainty in estimating wind stress curl. Different estimates of wind stress curl vary
greatly (Trenberth er al. 1989). Calculations of NECC transport (e.g. Spillane and
Niiler 1975; Meyers 1980) have suggested that the theory of Sverdrup (1947) is
inadequate in accounting for the NECC due to the assumptions that acceleration,

advection and lateral mixing are negligible. Recent simulations of the equatorial currents



using an ocean general circulation model (OGCM) have yielded inconsistent descriptions
of the NECC on the inter-annual time scale depending on the wind stress forcing applied
at the surface (Harrison er al. 1989).

There is a need for 1) a spatially comprehensive description of the NECC, 2) an
evaluation of the sensitivity of the NECC to the wind stress curl and 3) an assessment of
the applicability of the geostrophic method to the NECC. The object of the thesis is thus
to describe the longitudinal variation of the annual cycle of the NECC and to evaluate the
mechanisms important in creating the variability. The investigation will focus on the
relationship between wind stress curl, vertical motion and thermocline depth. The
degree of geostrophy at various longitudes and times of the year is also investigated.

The study is carried out using fields from an OGCM developed at NOAA's
Geophysical Fluid Dynamics Laboratory (GFDL) in Princeton, New Jersey. The model
was run for three years. The results shown here are from the third year which
represents the model equilibrium seasonal cycle. The application of a model to
investigate Pacific equatorial currents which are almost all zonal and extend for ten to
fifteen thousand kilometers is perhaps a necessity as high resolution observational
studies are very expensive. Using the model fields allows for analyses that are
unprecedented in spatial and temporal resolution.

The primary goal of this thesis is to describe a climatological annual cycle of the
NECC which can serve as a benchmark for observations and simulations with the
different wind stress products currently available. A secondary goal is to identify the
regions of greatest variability of the NECC such that future efforts to monitor the
variability of the current can be focused at particular longitudes. The subsequent
sections of the thesis are organized as follows. A review of relevant observational

studies and theory pertaining to the NECC will be presented in chapter 2. In chapter 3



the annual variation and spatial structure of the model countercurrent is described. The
simulated characteristics of the NECC will be compared to observations. Chapters 4
and 5 contain analyses of the important linear dynamical mechanisms for variability of
the current on the annual as well as monthly time scale. In chapter 4, the degree of
geostrophy is discussed and in chapter 5 a comparison between the wind stress curl-
induced Ekman pumping, the vertical movement of the thermocline and the model-
simulated vertical velocity is made. Chapter 6 contains a summary and conclusions.
Appendix A contains maps of the Hellerman and Rosenstein (1983) climatological,
monthly-averaged wind stress and wind stress curl, which is computed from the wind
stress, for the Pacific ocean from 130°E to 70°W and 20°S to 20°N. Monthly maps of
the model-simulated sea surface temperature and 5 m currents are shown in Appendix B.
Appendix C contains monthly-mean, latitude-depth sections along 150°E, 180°, 160°W,
140°W, 125°W and 110°W of the zonal, meridional and zonal geostrophic current

components, dynamic height and temperature.



CHAPTER 2

Observations and Theoretical Review

The first part of this chapter reviews some observational field experiments in
which information on the amplitude of the seasonal cycle was obtained. To a first
approximation, the flow of the eastward NECC is in geostrophic balance with the north-
south sloping thermocline. Therefore, the discussion will focus on observations of the
seasonal and longitudinal variation of 1) dynamic height variations across the current, 2)
mass transport and 3) spatial extent. The second part of chapter 2 reviews theoretical
aspects of the NECC. Topics included in this section are Ekman theory, Sverdrup
theory and Ekman pumping.

2.1 Observations of the annual cycle of the NECC

Some of the earliest direct current measurements leading to a rough description of
the current structure were described by Knauss (1961). In his work direct
measurements of the vertical structure of the current were compared to geostrophic
calculations based on temperature data and the NECC was found to be in geostrophic

balance to a first approximation. That is, the meridional momentum balance can be



reduced to a balance between the meridional pressure gradient and the Coriolis

acceleration caused by the zonal current component

fu =_L9P @.1)

* pady
Here, f is the Coriolis parameter, p is density, p is hydrostatic pressure, ug is zonal
geostrophic velocity component and y is positive northward. In most cases Knauss
(1961) found that the current measurements yielded velocities that were greater than the
geostrophic velocities by 20 to 50%. Knauss (1961) suggested that the discrepancy was
an indication that the flow contained a significant wind-driven Ekman transport.

Wyrtki and Kendall (1967) computed geostrophic transports per meridional width
along meridians from 130°E across the Pacific to 80°W. The computations were based
on 79 historical hydrographic sections. Wyrtki and Kendall (1967) concluded that the
average NECC transport decreased linearly from west to east and speculated that flow is
weakest from March to June and strongest in August and September.

The most comprehensive and most recent field experiment carried out in the
equatorial Pacific NECC was the Hawaii-to-Tahiti Shuttle Experiment (HTSE) (Wyrtki
et al. 1981). The experiment took place during 1979-80 and consisted of 43
transequatorial sections along 150°-158°W from 17°S to 20°N. Temperature, salinity
and direct current measurements were obtained using a variety of instruments. Vertical
profiles of temperature and salinity were obtained with conductivity-temperature-depth
recorders (CTDs) at every degree of latitude (Wyrtki and Kilonsky 1984). Based on
these data, geostrophic currents were computed and compared with direct, continuous
current measurements taken by a Doppler acoustic log (DAL) (Johnson et al. 1988). In
a study preliminary to the HTSE, Barnett and Patzert (1980) described the scales of

thermal variability in the HTSE region based on measurements by airborne expendable



bathythermographs (AXBTs) dropped at weekly intervals during November 1977-
January 1978. Also during that three month period, direct current measurements were
obtained using moored current meters at 6°, 7° and 8°N along 150°W (Halpern 1991).

2.1.1 The thermal field

Figure 2.1.a shows the annual mean (April 1979-March 1980) temperature
structure discussed by Wyrtki and Kilonsky (1984). Across the region of the NECC,
from about 5°N to 10°N, the thermocline is defined by the 14°C and the 26°C isotherms.
The thermocline is elevated near 10°N and depressed near 5°N. At 5°N and 10°N the
thermocline is located between 105-170 m (thickness = 65 m) and 40-110 m (thickness
=70 m), respectively. The meridional temperature gradient across the NECC, oT/dy,
from the surface to 50 m, is about 2°C/444 km (0.005°C kmD). At 100 m it is 12°C/444
km (0.03°C km-1) and at 150 m it is 6°C/444 km (0.01°C km!). Below 150 m dT/dy is
smaller. The meridional temperature gradient across the NECC is thus concentrated in
the layer between 50-150 m.

The associated profile of the annual mean anomaly of surface dynamic height
relative to 1000 x 104 Pa is shown in Fig. 2.1.b. The salinity, which also contributes to
the surface dynamic height anomaly, ranges from 34.3 to 34.9 Practical Salinity Unit
(PSU) from 5°-10°N and 0-150 m (not shown). The surface dynamic height anomaly
across the NECC changes from 150 dynamic cm (dyn cm) at 9°N to 175 dyn cm at 5°N;
a difference of 25 dyn cm. Using 1000 x 10* Pa as the reference level, Wyrtki and

Kilonsky (1984) calculated annual mean zonal geostrophic transports.

2.1.2 The motion field
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Figure 2.1 Annual mean cross-section along 150°-158°W observed during May
1979 - April 1980, a) temperature, b) dynamic height and ¢) zonal velocity in
cm s-1. From Wyrtki and Kilonsky 1984.



The zonal geostrophic flow is shown in Fig. 2.1.c. The horizontal boundaries of
the NECC are clearly defined by the eastward flow between 4°-9°N. In the vertical,
however, since boundaries are not as obvious, Wyrtki and Kilonsky (1984) subjectively
determined a dividing line at 170 m between the NECC and the sub-surface
countercurrent located between 200-400 m. As a result, the NECC is defined as a
shallow current confined within the upper 170 m. Other features characterizing the
annual mean current are: 1) maximum current speed of near 40 cm s-!, 2) current
maximum located sub-surface between 40-100 m, and 3) eastward flow present at the
surface layers between 4°-9°N. The geostrophic transport was calculated by integrating
the zonal current over the area of the NECC defined by a bottom depth near 170 m and
horizontal boundaries at 4° and 9°N. Mean annual eastward transport is thus estimated at
19.8 Sv (1 Sv=106m3 s-D),

2.2 Theoretical review of NECC Dynamics

The work of Ekman at the beginning of the century represents one of the earliest
theoretical contributions to modern oceanography. Ekman (1905), inspired by
observations at sea, wanted to isolate the effects of the winds on the generation of

currents.

2.2.1 Ekman Theory
The Ekman equations, 2.2, were derived assuming no horizontal velocity
gradients and steady motion and neglecting horizontal pressure gradients. In addition,

the ocean was assumed to be infinitely deep such that friction at great depth is negligible



because the velocity approaches zero with increasing depth and lateral friction can be

ignored. The Ekman currents are thus given by

2
fv, +A, ‘;z"; =0 (2.2.2)
2
fu, +A, ‘;z"; =0 (2.2.b)

where ue and ve are the Ekman velocity components in the x (positive east) and the y
(positive north) directions, A; is the coefficient of vertical eddy viscosity and z is
positive upward. The boundary conditions for Eq. 2.2 are constant wind stress at z=0
and ue=ve=0 in deep water. The vertical eddy viscosity, Az, is assumed to be constant.
For a wind blowing in the north-south direction only, the solutions to Eq. 2.2 are (Pond

and Pickard 1987)

{ 3\ { 3\
u.(z) =V, cos 2+ I 2 |exp| =z (2.3.a)
\4 Dg ) "\Dg )
4 3\ ( A
. (r =« n
v.(z) =V, sin| —+ —z |exp| —2z (2.3.b)
\4 De / "\Dg )
NFX 1
h Vv, = 2 :
where = D.pt (2.4)
is the magnitude of the surface Ekman current and
2A 172
D; = n(———z—] (2.5)
|f]

is the Ekman depth or the depth of frictional influence. Ekman's equations are unique
in the sense that they give the velocity components of a pure drift current as a function of

depth. The surface currents are simply obtained by setting z equal to zero. At z=-D,



the Ekman depth, the current vector is exactly opposite to the surface vector and the
current speed has decreased to (1/e)Vo.

If Eq. 2.2 is integrated from the surface to a level deep enough such that the
integration includes the entire wind-driven layer, expressions for the Ekman mass

transport per unit width can be obtained:

ME = T, (2.6.a)
f
ME=-% (2.6.b)
y f

The important implications of Ekman's work are that the purely wind-driven transports
are 1) at right angles to the wind, 2) proportional to the wind stress, and 3) inversely
proportional to sine of the latitude. Pure drift current vectors turn and decrease in

magnitude with depth.

2.2.2 Sverdrup Balance

Sverdrup (1947) was interested in accounting for the observed features of the
equatorial surface currents on the basis of wind stress forcing only. He was particularly
motivated by the conspicuous presence of the equatorial countercurrent. The starting
point was the linear, steady-state horizontal momentum equation including the effects

due to the horizontal pressure gradients, rotation and vertical friction,

%: fpv+% (2.7.2)
%: —fpu+% (2.7.b)

Lateral frictional effects are ignored. The bottom boundary condition is zero currents at

a depth d where the horizontal pressure gradients and horizontal velocities vanish, d is

10



sometimes called the "level of no motion.” Integration of Eq. 2.7 from z=0 to z=-d

yields
oP
—=fM_+1(z=0
ox y+5(2=0) (2.8.2)
P oM, +1,(z=0)
dy (2.8.b)

where Tx and Ty and My and My are the x-and y-components of the wind stress, T, and

the mass transport, M, which is defined as
M=[""pVdz 2.9)
- z--dp )
After cross-differentiating Eq. (2.8), subtracting Eq.'s 2.8.a and 2.8.b, and using the
integrated continuity equation between z=0 and z=-d, where w(z=0) = w(z=-d) =0,

oM, . oM, _
dx dy

0, (2.10)

the "vorticity balance for the interior ocean" is obtained:

M,B-curl, T=0 (2.11)
where P = df/dy = 2wcos6/R is the meridional gradient of the planetary vorticity, f and
curl,T is the vertical component of the curl of the wind stress at the sea surface, T.

The implications of the vorticity balance Eq. 2.11 can be illustrated assuming a
homogeneous ocean. For example if curl,T is positive, the vorticity of a fluid parcel
will increase. This results in northward displacement such that the equation can be
balanced by greater planetary vorticity on the left-hand-side of Eq. 2.11. In addition,
when the curl of the wind stress is zero, the integrated north-south mass transport is also
zero. This is in fact observed as lines of zero wind stress curl approximately coincides

with the boundaries separating the circulation in major gyres.

11



2.2.3 Ekman Pumping
The flow in the layer between z=0 and z=-d consists of both Ekman and

geostrophic current components such that Eq. 2.10 may be written as

V, M=V, (M*+M*)=0 2.12)
The subscript h indicates horizontal divergence. The continuity equation for the Ekman
layer, i.e., the layer from z=0 to z=-Dg where -Dg is the bottom of the layer of frictional
influence defined above is thus given by (Stommel, 1965)
V. -M*-pw, =0. (2.13)
Here, wg is the vertical velocity at the bottom of the Ekman layer associated with
divergence and convergence in the Ekman layer. If wg# 0 mass is transferred to or
from the geostrophic layer below the Ekman layer leading to convergence and
divergence of the mass transport in the geostrophic layer. This process is referred to as
Ekman pumping.
An expression for the Ekman pumping velocity, wg, in terms of the wind stress

curl may be obtained by substituting Eq.2.6, the definition of ME, into Eq. 2.13
d (7, Jd ( T )
— L= =22 |- =0. 2.14
On a B-plane (f = fo+Py), Eq. 2.14 becomes
W = i(curl T-M:B). (2.15)
pft " ’

Here p is the density of sea water and f is the Coriolis parameter. Equation 2.15 will be
applied to investigate the relationship between the north-south slope of the NECC
thermocline and the Ekman pumping velocity.
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Chapter 3
Annual Variation of the Simulated NECC

3.1 Description of the model
The ocean general circulation model (OGCM) used in this study was developed
at NOAA's Geophysical Fluid Dynamics Laboratory (GFDL). The GFDL OGCM is
based on the primitive equations with the Boussinesq and hydrostatic approximations.
The numerical method was developed by Bryan (1969) and the model physics is
described in Cox (1984). Pacanowski and Philander (1981) modified the model to
include parameterization of the mixing coefficients in terms of the Richardson number.
Such a modification was believed to be necessary to achieve realistic simulations of the
Equatorial Undercurrent (EUC) in light of new observations of highly variable eddy
viscosity in the EUC (Halpern 1980). Currently the model is being run on a CRAY-
YMP at NASA's Ames Research Center. Further details on the model, which generated
the fields described herein, can be found in Chao et al. (1991).
The domain of the GFDL OGCM covers the equatorial Pacific from 130°E to 70°W

and from 30°S to 50°N. The surface forcing is climatological monthly mean wind stress
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(Hellerman and Rosenstein 1983) and the heat flux across the air-sea interface is
calculated using the model-simulated sea surface temperature and the prescribed air
temperature. The wind stress is made to vary smoothly from month to month by linear
interpolation. The model is started from a state of rest and the initial temperature and
salinity are the climatology for January (Levitus 1982). The model has 27 levels in the
vertical; the upper 10 levels have a resolution of 10 m. The model ocean has a flat
bottom at a depth of 4149 m. The latitudinal resolution is 1/3° in the latitude band from
10°S to 10°N. Poleward of 10°, the grid spacing increases gradually to 2.5° latitude at
30°S and 50°N. The longitudinal resolution is 1°longitude. For a further description of
the boundary conditions and model design, see Chao et al. (1991). This model has
been successfully applied in simulations of the seasonal cycles of the tropical Pacific
(Philander et al. 1987), the tropical Atlantic (Philander and Pacanowski 1986) and the El
Nifio of 1982-83 (Philander and Seigel 1985).

During the model run, values of the three current components u, v, w, and
temperature and salinity, T and S, are averaged and stored every three days. A 1-hour
snapshot on the 15th day of the month of all five variables is also stored. Since both of
these products are used it is important to distinguish between them. Monthly averages

are computed using the ten 3-day averages for every month.

3.2 Description of the climatological wind stress

The Hellerman and Rosenstein (1983) (H&R) wind stress data are based on 106
years of historical surface wind observations made over the world ocean. The wind data
were processed at the National Climatic Center (the data set is commonly referred to as
TDF-11). H&R calculated the stress components using a drag coefficient which was a

function of the magnitude of the wind, (u2+v2)!/2 and the difference between the air
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temperature and sea surface temperature (SST). The functional relationship to these two
parameters were based on the tabulated values of Bunker (1976).

The annual cycle is revealed by comparing March and September wind stress (Fig.
3.1). The climatological southeast trades are weak in March when the ITCZ is at its
southernmost location near the equator. In September the ITCZ has moved to its
northernmost position and the southeast trades are strong. Depending on the wind
stress product used, hindcasts of the 1982-1983 El Nifio with an OGCM yield
substantially different simulations of the NECC (Harrison et al. 1989). This sensitivity
to curl,T makes simulating the NECC a difficult task. The results described herein may
therefore be somewhat specific to the H&R climatological wind stress. Several authors
have suggested that the H&R wind stress is overestimated by 20-30%. For example,
Harrison (1989) computed wind stress using the TDF-11 winds with the Large and
Pond (1982) drag coefficient rather than the Bunker (1976) formulation used by H&R.
The resulting wind stress was typically smaller by 2 x 10-2 N m2 in the trades and 4 x
10-2 N m-2 in the middle latitudes. In another study, a comparison between the wind
stress computed based on ECMWF analyses and the H&R wind stress was made
(Trenberth et al. 1989). In contrast to the findings of Harrison (1989), the ECMWEF
wind stress is weaker than H&R only in the subtropics and northern middle latitudes.
In the tropics, ECMWF is comparable or slightly stronger than the H&R wind stress
(see Fig. 21 in Trenberth e al. 1989).

The curl of the wind stress, curl,T, was computed from the H&R wind stress.
The 1° latitude by 1° longitude wind stress was interpolated onto the model grid prior to
the computation. Since Ax is uniform in the model grid and Ay is not, curl,T was

approximated by the following finite difference equation:
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Figure 3.1 Hellerman and Rosenstein (1983) climatological wind stress for March
and September. The zonal component is contoured with an interval 0.1 N m-2
and negative (westward) contours are dashed.
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(curlz’t)i.j =1 A Ay Ay, . (3.1

Here the longitudinal and latitudinal grid points are subscripted by i and j, respectively.
The monthly mean curl,T for March and September are shown in Fig. 3.2. The
structure of the curl in March is characterized by a region of positive curl between 10°N
and the equator. In September the curl in this region is negative, at least from the
equator to about 7°-8°N, such that there is a large change in the magnitude and sign

across the NECC region.

3.3 The seasonal cycle of temperature and currents

Monthly-mean maps of sea surface temperature (SST) and surface currents were
produced to illustrate their respective annual cycles. In addition to the surface plots, the
circulation in the y-z plane along various longitude lines is investigated. The choices of

longitude sections are 150°E, 180°, 160°W, 140°W, 125°W and 110°W.

3.3.1 The thermal field
a. ST

Equatorial SST, in the Pacific peak in February with temperatures from 28°C to
30°C west of the date line and between 24-28°C east of the date line (see Fig. 3.3). The
development of the seasonal equatorial cold tongue in the eastern Pacific is evident in
March with the appearance of 23°C water near 108°W. Equatorial SST continue to cool
through August when the 24°C water extends from the coast of South America to near
135°W and the area covered by 21°C water reaches a maximum. The cycle is completed

with gradual warming from November to February. In the western Pacific from
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Figure 3.2 Monthly mean wind stress curl computed from Hellerman and
Rosenstein (1983) climatological wind stress for March and September. The
contour interval is 5 x 10-3 N m™3 and negative curl is shaded.
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Figure 3.3 Monthly mean SST for February, June, and November.

19



November through March, warm water above 30°C is located on the equator and
southward to near 10°S from 150°E to 175°W. From April through November most of
the western Pacific is dominated by SSTs above 28°C and the 30°C water has expanded
northward across the equator. In July, August and September this pool of warmest
water has shifted north of the equator to cover an area from approximately 3-20°N and
135°E-160°E.

Based on the SST maps, the NECC is associated with warm temperatures relative
to the South Equatorial Current (SEC) to the south and the North Equatorial Current
(NEC) to the north. SSTs across the NECC are almost never less than 26°C. From
June to October, 28°C waters are common across the entire basin as warm water is
advected eastward in the NECC. From an interannual standpoint, variations in the
strength of the NECC leading to increased (decreased) eastward advection of heat has
been linked to cooling (warming) of the West Pacific warm pool (Meyers and Donguy
1984).

A prominent feature in the monthly snapshot SST maps (Fig. 3.4) is the wavy
pattern in the eastern equatorial SST front near 3°N. The oscillations are due to
equatorial unstable waves (Legeckis 1977; Philander 1978). The SST waves seem to be
limited in both space and time. In the monthly snapshot SST maps, the waves are weak
from February to May and strong from July to January. This is consistent with the
findings of Legeckis (1986) who found SST waves in satellite imagery to be most
pronounced from August to February.

Since the model-simulated unstable waves (Philander ez al. 1986) have periods
near 30 days, monthly averaging the 3-day values has a smoothing effect. It is therefore
curious that the monthly mean maps show oscillations in the SST isotherms occurring

only in March, April and May and not during the remainder of the year (see Appendix
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B.1), contrary to the results of Legeckis (1986) and Philander ez al. (1986). The wavy
pattern in the monthly avcragcd' maps in March and April are probably not due the
unstable waves described by Philander et al. (1986), since the wavelength appears
smaller than the 1000 km characteristic of the unstable waves (Yi Chao, personal

communication).

b. Vertical structure of temperature

The vertical structure of the annual mean temperature north of the equator is
characterized by a north-south thermocline slope, a pattern which is evident across most
of the basin (Fig. 3.5). At 150°E and 180° the thermocline is somewhat diffused
compared to the central Pacific sections. The thickness of the 160°W thermocline
(defined by the 14°C and the 26°C isotherms) at 5°N and 10°N is 90 m and 120 m,
respectively. The 110°W section has a shallow thermocline and almost no north-south
slope. Figure 3.6 illustrates the movement of the thermocline during the year along
160°W. The annual cycle of the north-south slope of the thermocline may be illustrated
by the 20°C isotherm which approximately marks the center of the thermocline. The
difference in the depth of the 20°C isotherm between 5°N and 10°N is 20 m in April, 50
m in July, 70 m in October, and 50 m in January.

The seasonal fluctuations of the thermocline are concentrated north of the equator
in a well-defined subsurface latitude band. For instance, at 160°W a region of standard
deviations greater than 2°C is located between 130-180 m and 2.5°-5°N (Fig. 3.7). The
same is true at 140°W but at 125°W there are two regions of large standard deviations,
one between 2.5°N-5°N, 80-120 m and another in the upper 40 m between 10-14°N.
The annual variability at 110°W is greatest north of 10°N, which is outside the NECC

region. At 150°E the area of greatest variation occupies the entire depth range of the
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thermocline indicating that the thermocline moves up and down as a whole. In contrast
in the 160°, 140° and 125°W sections, the vertical temperature changes are limited to a
few isotherms in the center of the thermocline. The largest annual variations coincide
with the location of the annual mean 20°C isotherm at those longitudes (compare Figs.
3.5 and 3.7). The 20°C isotherm will thus capture much of the seasonal variations in the
depth of the thermocline.

Time series of the depth of the 20°C isotherm near the southern and northern
boundaries of the NECC along 160°W are presented in Fig. 3.8. Vertical oscillations
associated with the unstable waves are also clearly evident in the temperature field. As
mentioned above, the north-south thermocline slope across the NECC is weak in April
and strong in October. The difference between the depth of the 20°C isotherm at 9.2°N
and at 4.5°N shown in Fig. 3.8 represents the north-south thermocline slope across the
NECC. It appears that the transition from the weak north-south slope in April to the
steep slope in October is marked by a rapid increase in the depth of the 20°C isotherm at
9.2°N during the month of July. Thereafter, the 20°C isotherm at 9.2°N remains near a
depth of 160 m from August until November after which it gradually rises to 135 m in
June. In contrast, the depth of the 20°C isotherm at 4.5°N changes gradually from June

to November.

c. Density field

The dynamic height anomaly at 5 m relative to 484 x 104 Pa was computed from
the vertical profiles of temperature and salinity. The method for computing the dynamic
height anomaly is described in chapter 4. Table 3.1 summarizes the model-simulated
annual changes in the surface dynamic height anomaly of the countercurrent trough near

10°N and the equatorial ridge near 4°N as a function of longitude. The north-south
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difference in the surface dynamic height anomaly is an indicator of the strength of the
zonal geostrophic current component. The largest annually averaged difference across
the NECC is 18.8 dyn cm along 140°W. October is the month of seasonal maximum
difference in the 150°E, 180°, 160°W and 110°W sections. Minima occur in August at
150°, May at 180° and 160°W, April at 140°W and March at 125° and 110°W.

There is no consistent pattern of trough displacement about the annual mean being
larger or smaller than the ridge displacement (Table 3.2). In addition the maximum
displacement of neither the trough nor the ridge is related to the occurrence of maximum
difference across the NECC (compare Tables 3.1 and 3.2). This indicates that the
annual cycles of the movement of the trough, the ridge and the difference between the
two are out-of-phase. This is consistent with observations from sea level stations in the

equatorial Pacific (Wyrtki 1974a).

3.3.2 The motion field
a. Surface currents

The character of the surface flow in the equatorial current system from 15°S 1o
15°N varies throughout the year in response to the changing winds (Wyrtki 1974b).
Figure 3.9 illustrates the annual cycle of the equatorial surface currents. In April
westward flow dominates the equatorial Pacific, except for a region of eastward flow in
the eastern Pacific from 4°-7°N. The eastward flow appears to be part of a local
anticyclonic circulation centered near 95°W and 3.5°N. Current speeds are fairly
uniform equatorward of 5°. The divergence associated with poleward drift is clearly
evident along the equator in the central Pacific throughout the year. By J uly, the branch
of the SEC located north of the equator has intensified considerably and the eastward

flow in the NECC is now extending westward to 150°W. As illustrated in Fig. 3.10 the
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Figure 3.10 Hovmiiller diagram of the zonal current component at 5 m and 7°N.
The contour interval is 10 cm s and negative (westward) currents are
shaded.

annual cycle of the NECC continues to propagate westward during August and

September. By October, the NECC extends from coast to coast.

b. Vertical structure of the zonal component

The subsurface structure was investigated by analyzing cross-sections along the
selected longitudes spanning the current. At 160°W the annual mean latitudinal range of
the NECC is from 5.1°N to 9.2°N and the vertical extent ranges from 13 m to 187 m
(see Table 3.3). In addition the NECC is observed to disappear from the uppermost 15
m from February through June. During this period the subsurface current becomes less
defined as velocities drop below 10 cm s-1. In July the NECC strengthens and is again
present in the surface layer. By September it reaches velocities of more than 40 cm s-1

and after September it starts to weaken again.
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Figure 3.11 shows meridional sections of the annually averaged u component. The
current structure is seen to vary greatly in longitude. The section along 150°E,
representing the western Pacific, is characterized by eastward flow from 2°N to 8°N in
the surface layers and by two connected sub-surface maxima, one near 3°N and the other
centered between 7°-8°N. At this longitude, it is thus difficult to distinguish the NECC
from the EUC. In the other five sections from 180° to 110°W, the NECC is separated
from the EUC by the westward flow of the northern branch of the SEC. Except at
110°W, maximum flow occurs sub-surface near 50 m. Maximum flow is near 25 cm s-!
in the 160°, 140°, 125° and 110°W sections, 20 cm s-! and 10 cm s-! at 180° and 150°E,
respectively.

The annual average NECC (defined by u >5 cm s°1 ) is generally confined to the
upper 200 m. The thickness of the NECC is subject to significant variation, however.
The current boundaries are discussed further in section 3.3. The zonal velocity variance
is shown in Fig. 3.12. The strength of the sub-surface flow is not subject to as much
seasonal variation as the surface flow. In the NECC latitude band from roughly 5°-
10°N, standard deviations of 15-20 cm s-! are common in the upper 50 m whereas

values of 4 to 8 cm s-! are typical of the flow between 100 - 200 m.

c. Vertical structure of the meridional component

The westward blowing trade winds cause a poleward Ekman transport in the
surface layers. An equatorward geostrophic flow below the thermocline corresponds to
the sea level sloping downward towards the east (Wyrtki and Kilonsky 1984). The
annual cycle of the meridional circulation is illustrated in the monthly plots of the v-
component in the y-z plane for the 6 longitude sections in Appendix C.2. Figure 3.13

shows the annual mean. Similar to the picture of the transverse circulation suggested by
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Wyrtki and Kilonsky (1984), the model-simulated mean circulation at 150°E, 180°,
160°W and 140°W is characterized by poleward flow in the upper 50 m and equatorward
flow below 50 m. This transverse circulation is not clearly defined everywhere in the
NECC region throughout the year. At 160°W, for example, the equatorward flow is
absent below 50 m from June to August between 4°N and 7°N. The flow in the upper
50 m across the NECC region is always poleward in the 180°, 160°, 140° and 125°W
sections but the flow below 50 m is not always equatorward. In the sections near the
western and eastern boundaries, 150°E and 110°W, the transverse circulation is more
complicated. At 150°E there is some equatorward flow frorh June through September.
At 110°W the poleward current is confined to a shallow layer 20-25 m thick and it is
only sustained throughout the year in a narrow latitude band to 7°N. Below 50 m there
are often alternating bands of north-south flow.

From approximately August to March when the northeast trades are strong and the
Intertropical Convergence Zone (ITCZ) is located near the core of the NECC, the
northward transport is convergent near the southern boundary of the NECC resulting in
downwelling and a depressed thermocline and divergence near the northern boundary
resulting in upwelling and a shallow thermocline. The simulated northward drift in the
upper 10 m is very strong, often attaining speeds of 40 cm s-! near 3°-4°N in the central
Pacific (see Appendix C.2). Across the NECC speeds average 10 cm s-! in the upper
50 m. Seasonally, the northward near-surface current is strongest from October to
February. The variance of the v-component across the NECC seems to be concentrated
at 160°, 140° and 125°W (Fig. 3.14) in the upper 150 m. In the 160° and 140°W
sections, the standard deviations decrease from 10 cm s-! near the southern boundary to

2 cm 571 near the northern boundary. In the eastern sections 125° and 110°W, and the
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western sections, 150° and 180°, standard deviations are between 2 to 6 cm s-1 in the

upper 80 m.

¢. Vertical structure of the vertical component

The vertical velocity in the model is a diagnostic variable estimated from
continuity. The monthly averages for January, April, July and October along 160°W
are shown in Fig. 3.15. Aside from the familiar pattern of equatorial upwelling within
2° of the equator, distinct regions of downwelling are located between 3° - 5° north and
south. The downwelling is strongest in the northern hemisphere in October.

The vertical motion near 10°N, the northern boundary of the NECC, is much
smaller in magnitude. At 160°W w changes sign during the year at this latitude. The
vertical velocity is downward in April from 10-310 m and in October in the upper 20 m.
In January and July w is upward throughout the column. The model-simulated vertical
velocity will be further discussed and compared with the Ekman pumping in chapter 5.

3.3.3 Transport
a. Method

Monthly eastward volume transports of the NECC were calculated using the
trapezoidal method. The transports are calculated by integrating over the thickness and

width of the current:
TEC = L” [ u@)dzdy [m3 s°1]. (3.1

Equation (3.1) may be approximated by the following two second-order accurate finite

difference equations:
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1, n-1
J; u(z)dz = %.{uk-l +u, + 22“1: J"' O(Az)2 (3.2)

k=2
= Q.
where Qy is the zonal component of the volume transport vector, Q, as a function of
latitude. Integrating Q over the region of the NECC yields the total volume transport of
the NECC across a longitude section, TNECC:

Y2 A . n-1
J‘y‘ Q. (y)dy = -%(Qj-l +Q, + 22 Q,] + O(A)')2

j=2

= TNECC 3.3)

One of the difficulties associated with calculating the transport by a specific current

is determining the current's boundaries. It is therefore necessary to define certain
criteria such that the limits of integration are determined objectively. In this study the
following criteria were used to identify a particular point as belonging to the NECC: 1)
velocity is eastward and equal to or greater than 5 cm s-! and 2) values of 5 cm s-1 or
greater are found in the two adjacent layers, both below and above. It is often the case
that the EUC and the NECC are indistinguishable west of the date line based on the
selected criteria. In those instances the vertical structure of the flow was taken into
consideration in defining the southern boundary. Since the NECC rarely disappears
below 25 m (see the monthly meridional profiles of u in Appendix C.1) at any of the six
longitudes, the region of the NECC occurs where the flow penetrates to the top layers
immediately north of the EUC even though the two currents appear connected below

100 m.

b. Boundaries
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Table 3.3 summarizes the boundaries of the NECC resulting from the above
criteria. A graphical presentation of the information in Table 3.3 is presented in Figs.
3.16.a and b. The latitudinal width of the NECC has a pronounced annual cycle. Atall
longitudes, the current is narrow or undefined from about February to May after which
it gradually widens during the northern hemisphere summer and fall. The annual mean
width varies from 4.8 degrees at 140°W to 3.4 degrees at both 150°E and 110°W. As
intensification and widening occurs in the summer and fall, the current is also observed
to shift northward. The shift is about 1 degree at 180°, 160°W, 140°W and 125°W and
almost 2 degrees at 110°W.

The 150°E section is associated with the largest variability. The standard deviation
of the southern boundary is twice that of the other two western sections and more than
three times greater than the eastern Pacific sections. This may be associated with the
formation of seasonal synoptic scale eddies near the origin of the NECC in the West
Pacific as observed by Lukas et al. (1991). It is, however, unclear to what extent these
observed features are simulated by the present version of the OGCM which lacks a
realistic western boundary and Indo-Pacific throughflow. Similarly, in the eastern
Pacific where NECC waters enter the cyclonic circulation around the Costa Rica Dome
in the summer and fall, there is significant annual variation of the boundaries. The
Costa Rica Dome has been simulated successfully with a version of the model used in
the present study (Umatani and Yamagata 1991). In their simulations, the dome is
centered at 10°N and 90°W (it is also evident in the results described here, see Appendix
B.3). The 110°W section is therefore influenced by the seasonal presence of the Costa
Rica Dome.

The thickness of the NECC also exhibits great annual variation (Fig. 3.16.b).

During September, the month of maximum transport at 160°W, the NECC extends to
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300 m in the 160°W section. In the eastern Pacific, the eastward flow is confined to a
shallow layer in the upper 150 m and is subject to much less annual variation. The
annual average bottom is deepest at 160°W and 180° at 187 m, though the mean bottom

depth is fairly uniform across the Pacific.

3.3.3.c Results

The results of the transport calculation are shown in Fig. 3.17. The greatest
annual mean transport (19.9 Sv) and the greatest standard deviation (2.5 Sv) occur at
160°W. The annual mean transport increases from the western Pacific (14.4 Sv at
150°E) toward the central Pacific (19.9 Sv at 160°W) and it decreases gradually from the
central Pacific toward the eastern Pacific (6.2 Sv at 110°W). Extreme values are 1.9 Sv
in March (110°W) and 34.0 Sv in September (160°W).

The annual variation of the transports is different at the different longitudes. For
example, along 180°, 160°W and 140°W the fluctuations consists of one maximum and
one minimum whereas along 150°E, 125°W and 110°W there are secondary minima and
maxima (see Fig. 3.17). Along all six longitudes, minimum transport occurs in the
boreal spring: in February at 150°E, 180° and 160°W; in March at 140°W and 110°W and
in April at 125°W. There is substantial variation in the occurrence of the maximum.
Along 180° and 160°W it occurs in September but at 150°E, 140°W and 110°W it occurs

in June, July and May, respectively.

34 Cbmparison with observations

There are differences in the thickness and the depth of the thermocline observed by
Wyrtki and Kilonsky (1984) and the simulated thermocline. The depth range of the
model thermocline, 110-200 m at 5°N and 60-180 m at 10°N, is large compared with the
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observed range of 105-170 m and 40-110 m. The model thermocline is also more
diffused as the thickness is larger (compare the simulated 90 m and 120 m at 5° and
10°N in Fig. 3.5 with the respective observed values of 65 m and 70 m in Fig. 2.1).

The simulated climatological mean u-component is somewhat weaker than the
annual profile obtained during the Hawaii-to-Tahiti Shuttle Experiment (Wyrtki and
Kilonsky 1984). The HTSE annual mean (Fig. 2.1) is the average over the period from
April 1979 to March 1980 which was a normal year when the Southern Oscillation
Index was near zero. The model annual average NECC at 160°W has an approximate
core speed of 25 cm s-! compared to near 40 cm s-1 in the HTSE. Differences between
the climatological model-simulated flow and one year's observed flow are not
unexpected since the NECC is known to exhibit interannual variability (Chao 1990;
Meyers and Donguy 1984). The simulated subsurface core is located at a depth of 50 m
which is similar to the observations. The model and observed latitudinal boundaries are
4.5°N - 10°N and 5.1°N - 9.2°N, respectively.

The annual average transport at 160°W is 19.9 Sv, which is remarkably closé to
the 19.8 Sv observed by Wyrtki and Kilonsky (1984). Thus, reasonable
correspondence exists between the observed and the simulated annual cycles of the
NECC near 160°W. There is therefore good reason to believe that the annual cycle of
the NECC along the other five longitudes is realistically simulated by the model. The
detailed descriptions of the model-simulated NECC in the eastern and western Pacific
presented in this chapter are so far the only descriptions of the longitudinal variation of

the NECC.

3.5 Discussion
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Calculations of volume transport along 150°E, 180° and 160°W, 140°W, 125°W
and 110°W reveal an annual mean transport maximum at 160°W. It is interesting to note
that, at this point, it appears that the maximum transport at 160°W is associated with the
occurrence of the largest vertical extent of the current at this longitude. For example, at
160°W the sharp annual peak in transport in September coincides with the greatest
vertical extent of 337 m at any time or longitude. The fact that the NECC is wider at
140°W does not seem to affect the transports. The depth of the current, though, is not
a consistent predictor of the annual cycle. For example, at 140°W the NECC reaches the

deepest levels in April and May but a maximum in transport does not occur until July.
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Chapter 4

Degree of Geostrophy

Knowledge of the degree of geostrophy is important in assessing the applicability
of the geostrophic method for calculation of currents in the NECC. Widespread direct
current measurements are not feasible due to high cost and technological requirements
but widespread observations of temperature and salinity, which are much cheaper to
obtain, are taken routinely. Geostrophic currents are, therefore, often used to represent
the flow with only limited opportunities to verify their applicability. In this chapter the
geostrophic current is calculated at the six longitude sections used previously in order to
investigate the spatial variation of the geostrophic balance.

The zonal geostrophic current component can be derived from the meridional

momentum balance which is given by

dt  dx dy dz poay Voz?
v v
+AH axz +ay2 (41)
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where f is the Coriolis parameter and Ay and Ay are the coefficients of vertical and
horizontal eddy viscosity, respectively. If inertial acceleration, advection and frictional
effects are considered negligible compared to the Coriolis acceleration, the flow is in

geostrophic balance:

S N (4.2)

*  pfoy

Here ug is the geostrophic current component on an isobaric surface. Equation 4.2 is
easily applied in meteorology to calculate the geostrophic wind at the surface because the
surface pressure is usually known. In practice it is more convenient to use the
geostrophic equation in geopotential coordinates:

fu, = -a—y 4.3)
where @ is the geopotential height defined as ® = gz and ug is now the geostrophic
velocity on a constant-pressure surface relative to a geopotential surface. The difference
between the latitudinal gradients on the constant-level surface and the constant-pressure
surface is so small that it is usually considered unimportant in practical applications (Gill
1982, p. 217). In observational oceanography the error associated with interchanging
the two coordinate systems is considered negligible.

A few studies have focused on comparing direct current observations with currents
inferred from the geostrophic method. Using data obtained during the Hawaii-to-Tahiti
Shuttle Experiment, Johnson et al. (1988) compared geostrophic currents computed
from CTD data and DAL (Doppler acoustic log) current observations. The study of
Johnson er al. (1988) was limited to the upper 117 m from 4°S to 10°N during August
1979 to June 1980. Since the difference between the time mean DAL velocities and the
zonal geostrophic velocities was found not to be statistically significant at 95%

confidence, Johnson er al. (1988) concluded that the mean zonal velocity was in
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approximate geostronhic balance. Althouéh correlations between the time-varying DAL
velocities and the zonal geostrophic velocities were statistically significant in the NECC
region, no more than 50% of the observed variance of the time-dependent flow could be
predicted using geostrophic currents. Johnson ez al. (1988) thus suggested that the
time-dependent flow of the NECC cannot be characterized as predominantly
geostrophic. They further suggested that deviations from geostrophy in the NECC are
due primarily to the meridional inertial acceleration, dv/dt, associated with near-inertial

internal waves.

4.1 Method

The calculation of the zonal geostrophic currents was performed using the vertical
profiles of the model temperature and salinity fields. As mentioned above, the approach
in this study is one of using the model fields as a proxy for real data. Thus the method
used for the calculation of the geostrophic current is derived from methods in
observational oceandgraphy. A commonly used practical version of Eq. 4.3 in terms of
the dynamic height anomaly between two isobars, AD (Pond and Pickard 1987, p. 73)
is given by

_ 10

u!k ulkd = A_yf(ADjﬂ - ADJ) (4.6)

Here the discrete vertical levels are subscripted with k (increasing downward) and the
meridional grid points with j (increasing northward), AD is the anomaly of geopotential
thickness between two isobars, k and k+1, in units of dynamic meters (10 dyn m=1
m?2s-2, Sverdrup et al. 1942) and Ay is the north-south distance between two grid
points. The finite difference scheme was chosen independently of the finite difference

schemes used in the model. The Coriolis parameter, £, is computed at the midpoint
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latitude of Ay. The calculated velocity is thus the relative velocity between two
horizontal levels averaged between two meridional points. If the reference isobaric
surface represents a geopotential surface it is called the "level of no motion." When the
"level of no motion" can be estimated, the absolute surface geostrophic current can be
obtained. A reference level of 483.5 m (or 483.5 x 10 Pa) was used to represent the
"level of no motion" since the meridional gradient (between 4°N and 10°N) of AD
between this level and 1000 x 104 Pa, i.e. the 483.5/1000 x 10 Pa dynamic height
anomaly, was less than 1 dyn cm.

The first step is to calculate AD such that Eq. 4.3 can be used. AD at a grid point
is defined as

aD=["&dp 4.7)

where 6 = a(s,t,p) — (35,0, p) is the specific volume anomaly given by the difference
between the total specific volume, a(s,t,p), and the specific volume of a standard ocean
of 0°C and 35 PSU (Practical Salinity Unit). The specific volume, a(s,t,p), is
calculated from the vertical profiles of T, S and p as

oi(s,t,p) = a(s,1,0) /[1-p / K(s,1,p)] (4.8)
where K is the secant bulk modulus used to correct for high pressure (Millero et al.
1980). The specific volume anomaly as a function of T and S at one standard
atmosphere pressure, o(s,t,0), was calculated using the one-atmosphere International
Equation of State of Sea Water, 1980 (IES 80). Both a(s,t,0) and K are given in
Millero and Poisson (1981) or Pond and Pickard (1987). The pressure at each constant-
level surface is estimated using the depth of a level in meters such that p = 104z, Pa,

where zj is level k in meters. An example of a vertical profile and the corresponding
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dynamic height anomalies are shown in Table 4.1. The 5 m geostrophic current, ug,

relative to 484 x 104 Pa will be referred to as the 5/484 ug.

4.2 Results

The geostrophic currents were calculated from 2.67° N to 15.27° N using the 3-
day-averages of temperature and salinity. Figure 4.1 shows the annual average
geostrophic currents. Note the surface maximum which is in contrast to the subsurface
maximum of the total model velocity, up (Fig. 3.8). The surface maximum occurs at all
longitude sections. However, in the case of the monthly-mean sections, the surface
maximum did not occur at 125° and 110°W in April (sce Appendix C). Another feature
is that uy > ug throughout the year at all sections. The magnitude of the difference,
however, depends on the strength of the flow. For example, at 160°W and 140°W the
core up, is greater than the core ug by about 10 cm s-! in September but in March when
the NECC is weak, up, = ug (compare Figs. 4.2 and 4.3). In the boreal late summer,
fall and winter when the NECC up, extends to the surface, the latitudinal boundaries of
the um and the ug eastward flow are fairly similar except for the location of the northern
boundary during September and October. In October the NECC ug extends further
north by 1.5 - 2.0 degrees (see Appendix C).

Table 4.2 summarizes the values of monthly mean total zonal current at 5 m, 5-m
um, and 5/484 ug averaged over the NECC region. The 5/484 ug is at no time westward
in the NECC latitudinal core region as is the case with the 5-m up, from January to
March in the 150°E, 180°, 160°W, 140°W and 125°W sections. The fact that the 5/484
ug is always eastward means that the north-south slope of the 5/484 AD always has the

same sign; that is, the characteristic pattern of a trough near 10°N and a ridge near 5°N
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Table 4.1. Example of a vertic
is from January at a location of 150°W,

Salinity Unit (S).
Depth T
(m) (0 ®)
500  26.84
1500  26.85
2500  26.85
3500  26.87
4500  26.87
5500  26.90
65.00  26.90
7500 2691
8500 2691
9500  26.79
10625 2623
12000 2521
13625 2331
155.00  20.32
17750  16.08
20500 1255
24000 1129
288.50 1048
362.50 9.79
483.50 8.50

* oy is a convenient expression of sea water density at standard atmospheric pressure:

1000.00). Units are [kg m™ } but they are usually omi
*x § is defined as & = a(s.t,p) - @(35,0,p). Units are [m

S
(S)

35.07
35.07
35.07
35.07
35.07
35.07
35.07
35.07
35.07
35.03
34.94
34.90
34.87
34.80
3474
34.73
34.73
34.73
34.70
34.63

ot*

22.84
22.84
22.84
22.83
22.83
22.82
22.82
22.82
22.82
22.83
2294
23.22
23.717
24.55
25.55
26.29
26.53
26.68
26.77
26.93

tted.
3 kg'I]. (Specific volume (a) is given by a=1/p).

6**

502.932
503.641
504.041
505.054
505.447
506.782
507.176
507.855
508.255
507.909
497.889
471.085
419.623
345.653
250.012
179.249
156.927
143.862
136.006
122.726

al integration of the dynamic height anomaly, AD. The profile
5°N. T is temperature (°C) and S is salinity in Practical

AD***  Sum
(dynm) (dynm)

0.050
0.050
0.050
0.051
0.051
0.051
0.051
0.051
0.051
0.057
0.067
0.072
0.072
0.067
0.059
0.059
0.073
0.104
0.157

1.241
1.190
1.140
1.089
1.039
0.988
0.938
0.887
0.836
0.785
0.729
0.662
0.590
0.518
0.451
0.392
0.333
0.260
0.157
0.000

O[ = ( D(S,t,o) -

sx% AD) is obtained by averaging O between the two layers and multiplying by the difference in pressure.
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Figure 4.1 Laritude-depth diagram of the annual mean zonal geostrophic current
component from 2.7°N to 15°N. The contour interval is 10 cm s-! and
negative (westward) currents are shaded.
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Figure 4.2 Latitude-depth diagram of the zonal geostrophic current component
from 2.7°N to 15°N for March and September. The contour interval is 10 cm
s-1 and negative (westward) currents are shaded.
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Figure 4.3 Latitude-depth diagram of the zonal current component from 15°S to
15°N for March and September. The contour interval is 10 cm s and
negative (westward) currents are shaded.
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is maintained year-round. The monthly average 5/484 AD profiles along 160°W for
February, April, June, August, October and December are shown in Fig. 4.4.

Figure 4.5 shows a comparison between the 5-m up and the 5/484 ug for
February, May, August and November at 160°W; monthly profiles at each longitude are
shown in Appendix C.3.2. Although the profiles of total current and the geostrophic
current have similar shapes, their differences across the NECC vary depending on the
season (Table 4.2). From January to May, the 5/484 ug is greater than the 5-m uy, by
more than 20 cm s°! between 5°N and 10°N at 160°W. From July to October, however,
the two almost coincide across the NECC region (sce Table 4.2). Similarly, at 180° and
150°E, 5/484 ug is greater than 5-m up: the difference being large (15-20 cm s°1), from
January to March, and small (5 cm s-!) from May to October. This pattern is reversed in
the eastern Pacific. Here the 5/484 ug is still greater than the 5-m up, but the large
differences of 10-15 cm s-! occur later in the year: from May to October at 125°W and
from April to November at 110°W. Deviations from geostrophy are smallest in April,
November and December at 125°W and January, February and March at 110°W.

Another method to compare the two velocities is to calculate the correlation
coefficient, R, for the two time series consisting of 3-day-averages (N=120). High
positive correlations indicate that the seasonal variation of up, and ug are in-phase; high
negative correlations mean out-of-phase. Maps of R2 are shown in Fig. 4.6. They
represent the percent variance of up that can be predicted using the variance of ug.
Values of R? greater than 0.02 are different from zero at 95% confidence. In general,
values of R2 greater than 0.50 (shaded contours) are found between 8°-10°N in the
upper 150 m. In the southern half of the NECC region, R? is typically less than 0.1.

The largest correlations in the NECC region occur in the 160°W section. Here 50-
60% of the variance in the northern half of the NECC from 7.5°-10°N, 5-200 m can be
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explained by ug. In the western Pacific along 150°E, maximum values of 0.3 to 0.4 are
found only in the top layer between 9-10°N. In the date line section, highest values
(=0.4) occur between 8°-10°N throughout the column and a small area of 0.5 is located
near 50 m between 9°-10°N. In the eastern sections the greatest values are also located
near the northern boundary of the NECC. The annual mean boundaries of the NECC at
110°W are 3.7°-7.1°N and 14-130 m. Within this region, R2 of 0.2 to 0.4 are found
only in a small region between 5.5°-6.5°N and 10-40 m. The highest values of
explained variance (70%) within the annual range of the NECC boundaries, 2°N-
10.7°N, are found in the 125°W section between 9.5°-11°N, 50-100 m. At this
longitude, however, the NECC extends this far north only from August to December
(see Table 3.3).

4.3 Discussion

There are several characteristics of the total zonal velocity field, up, which do not
have counterparts in the zonal geostrophic velocity field, ug. First, the appearance of a
westward up, at the surface from about January to April in the central Pacific does not
correspond to a westward surface geostrophic flow, ug. It is not clear from this analysis
what causes the total surface current to be westward. It is possible, though, that
significant westward Ekman currents appear in the upper 15 m from January to April.
The northeast trade winds are seasonally strong (greater than 1 x 10-1 N m2) and have a
southward component across the NECC region during this time (see Fig. 3.1). For
example along 160°W in March, the southward component of the wind stress is = -5 x
102N m2 averaged between 5°N and 10°N. The corresponding zonal Ekman current at
5 m calculated using Eq. 2.3.a and Eq. 2.5 with A; = 3 x 10-3 m2 s-1 is westward at -
13.6 cm s°1; about 57% of the latitudinally averaged total zonal velocity at 5 m (Table



4.2). A value of 3 x 10-3 m2 51 for A, yields values of Dg of 68 m at 5°N and 48 m at
10°N.

Secondly, as evidenced by the low correlation coefficients, um and ug have very
different variances near the southern boundary of the NECC, particularly in the eastern
Pacific. Johnson et al. (1988) found significant deviations from geostrophy in the
NECC which they attributed to the meridional inertial acceleration, dv/dt, associated
with near-inertial internal waves. In a model run similar to the one described here,
Philander et al. (1986) found waves with a period near 30 days in all three velocity
components east of 140°W. The low correlations reported here near the surface between
4°N and 7°N in the 180°, 160°W, 140°W and 125°W sections may thus be partially
explained by the meridional inertial acceleration term becoming important due to the
presence of waves.

The annual mean meridional inertial acceleration at 5 m, dvspy/dt, is smaller than
f(usm) and f(ug 5/484) (Fig. 4.7). The climatological meridional inertial acceleration
therefore appears to have little effect on the meridional momentum balance on the annual
time scale. The meridional inertial acceleration does, however, seem to contribute
seasonally. Figure 4.8 compares the variances of the Coriolis acceleration terms due to
the total zonal velocity at 5 m and the zonal geostrophic velocity, f(usm) and f(ug 5/484),
respectively and dvsm/ot. The variance of dvsm/ot is relatively small north of 7°N and
not large enough to balance the excess total velocity variance. Between 5°N and 7°N,
dvsm/ot constitutes no more that 10% of the total velocity variance. Between 3°N and
5°N, dvsm/dt contributes significantly along 160°W, 140°W and 125°W; it represents
approximately 25% of the f(usm) variance. Thus, dvs,/0t is large enough to account
for the difference between the f(usm) and f(ug 5/484) in the 160°W and 140°W between

3°N and 5°N but not large enough anywhere between 5°N and 7°N.
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Figure 4.7 Annual mean of the zonal Coriolis acceleration terms, fug s/4g84 (thin
dotted curve) and fusy, (crosses), and the meridional acceleration, dvs,/0t, in
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The seasonal and latitudinal variation of the relative contribution to the meridional
momentum balance of dvsy/ot, f(usm) and f(ug 5/484) are evident in Fig. 4.9. Only at
4.5°N is the magnitude of dv5y,/0t comparable to the Coriolis acceleration terms. The

size of the residual, which is defined as

ai"‘ +f(ug, — U 5/4) = residual (4.4)

is, however, similar to the size of f(usm). Since the annual mean residual at 4.5°N is
very small (11x10-0 cm s-2), the annual mean meridional momentum balance of the
NECC at 4.5°N, 140°W appears to consist of a balance between the Coriolis acceleration
due to the zonal velocity and the north-south pressure gradient. At 7°N and 9°N the
residuals are large from December to April. In contrast to 4.5°N, the annual mean
residuals at 7°N and 9°N, 112x10-6 cm 52 and 279x106 cm s°2, respectively, are large
indicating that the remaining terms of the annual mean meridional momentum balance of

the NECC are important. Further study is required to identify those terms.
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Figure 4.9 Time series of the zonal Coriolis acceleration terms, fug 5/484 (thin

dotted curve) and fusm (crosses) and the meridional acceleration, dvsm/dt, in
106 cm sec-2 at 4.5°N, 7°N and 9°N. The bottom row of figures represent the
residual, defined as dvsm/ot + f(fusm - ug 5/484).
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Chapter 5

Relationship between Wind Stress Curl
and Thermocline Displacement

In this chapter the Ekman pumping is computed using the wind stress curl
calculated from the H&R monthly mean wind stress. In the past, Ekman pumping has
been estimated by the movement of an isotherm in the thermocline (e.g., Yoshida 1955;
Meyers 1975; Harrison et al. 1989). Here, the 20°C isotherm is chosen to represent the
center of the thermocline. The questions of interest are: 1) is the vertical movement of
the thermocline related to Ekman pumping? and 2) how does Ekman pumping and
vertical movement of the thermocline compare with the model simulated total vertical

velocity ?

5.1 Motivation

In chapter 2 an equation relating the wind stress curl to vertical velocity at the
bottom of the Ekman layer was derived. It is common practice in observational
oceanography to assume that the local time variation in the depth of the thermocline is

similar to the theoretical vertical velocity computed from the wind stress as in Eq. 2.15.
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The depth of the 20°C isotherm was used by Meyers (1975) and Harrison ez al. (1989)
to indicate thermocline displacement because the isotherm is located in the approximate
center of the thermocline (Fig. 2.1; Fig. 3.4). Denoting the local time rate of change of
the vertical displacement of the 20°C isotherm by dh2¢/dt (z-axis is positive upward) an

alternative version of Eq. 2.15 is given by

Jh 1
—atl‘l =E(curll‘c—Mfﬂ). (5.1)

It is the purpose of this chapter to test the validity of Eq. 5.1 in the region of the
NECC. In addition, the application of model fields in this problem provides a rare
opportunity to compare the theoretical Ekman pumping velocity, wg, given by the r.h.s
of Eq. 5.1, the vertical velocity of the thermocline, given by the Lh.s of Eq. 5.1, with
the total vertical velocity, w, predicted by the model. Differences between the Ekman
pumping velocity and the total vertical velocity are expected because the latter includes
effects due to the full nonlinear equations of motion and the former merely reflects the
effect of the surface forcing due the wind stress.

In Eq. 5.1 the total time change in the depth of an isotherm, h, is assumed to be
equal to the local time derivative. That is the equation for the total change in h, which is
givenby dh/dt=dh/dt+udh/dx+vadh/dy, is lincarized with the result that dh /
dt = dh/dt. In some circumstances dh/dt = dh/dt is a poor assumption. For
example, if the depth of the isotherm varies spatially the advective terms cannot be
ignored. As illustrated in chapter 3 the isotherm slopes upwards to the north across the
region of the NECC (see Fig. 3.5). Equation 5.1 may therefore not be a good

approximation in the region of the NECC.

5.2 Method
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To compute dh2(/0t the vertical distribution of the 3-day averaged temperature, T,
was interpolated to 1-m intervals. The depth, h, at which the difference between the
temperature at h, Th, and 20°C is minimum is stored as the depth of the 20°C isotherm,
h2g, for every 3-day averaged temperature profile. The change in hyg between two 3-
day averages, (h20.- h20 1)/ 3 days, yields the vertical velocity of the 20°C isotherm,
dhz0/dt. Since the time series of hyg (Fig. 3.8) show significant oscillations due to the
unstable waves described by Philander et al. (1986), the values of dhyy/at were monthly
averaged prior to computation of the correlation coefficients.

The density, p, was assigned a constant value of 1.022 x 103 kg m-3. The
Coriolis parameter, f = 2Qsin®, and its meridional gradient, f = 2Qcos0/R, where Q =
7.29 x 10 rad s and R is the radius of the earth, were calculated for latitudes 6 =
4.5°N and 9.2°N. The method for computing curl,T at the grid point (i) was outlined
in section 3.2. The meridional Ekman transport, Mf =-Tx / f, at (i,j) were computed
using the monthly averaged value of the x-component of the H&R wind stress, Ty, at
(ij). The applied version of Eq. 5.1 is thus given by:

[(hm); - (hm)m]u
3 days

=j’1f—j[(cur1,‘r)i,,~—(Mf)i,,-ﬂ,-] [cm day-1]. (5.2)

The relationship between Ekman pumping, r.h.s of Eq. 5.2, vertical velocity of the 20°C
isotherm, Lh.s of Eq. 5.2, and the model vertical velocity is investigated for 3 cases.
Correlation coefficients are calculated for Case I: dhgg/ot and wg, Case II: w and WE
and Case III: dh20/dt and w. The model-simulated, monthly-averaged vertical velocity
at 60 m is used to represent w at the point (i,j) because that is the approximate depth of
the Ekman layer across the NECC as given by the H&R wind stress.

Qualitatively, the sign of dhp(/ot is determined by the relative magnitude of the two

terms on the r.h.s of Eq. 5.1. The Coriolis parameter is always positive in the NECC
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region, but curl,T changes sign during the year in this region (see Fig. 3.2) such that

curl,T/pf can be negative or positive. The sign of the second term on the r.h.s, MfB /pf
is given by the sign of Mf, the meridional Ekman mass transport, since f and B are
positive north of the equator. Positive (negative) curl implies upward (downward)
vertical velocity if curl,T > MfB Since the NECC is strongly forced by the relatively
small-scale north-south thermocline slope, the degree to which Ekman pumping physics

apply will indicate the sensitivity of the current to the structure of the wind stress curl.

5.3 Results

Table 5.1 contains a summary of the annual mean and standard deviations of the
three quantities for 150°E, 180°, 160°W, 140°W, 125°W and 110°W and 4.5°N and
9.2°N. The two latitudes are the typical annual mean southern and northern boundaries
of the NECC. The annual mean wg, denoted by <wg>, at 4.5°N is downward at
approximately -50 to -60 cm day-! from 180° to 125°W. At 4.5°N the standard deviation
of wg is largest at 125°W (45.5 cm day!) and smallest at 160°W (10.6 cm day-1) and the
standard deviations are smaller than the annual mean except at 150°E. Compared to wg
at 4.5°N, wg at 9.2°N has less variance; at most longitudes it is near 10 cm day1.

At all longitudes, the magnitude of <dhg/dt> is smaller than <wg>. The standard
deviations of dh2g/dt at both 4.5°N and 9.2°N range from 13.9 to 6.3 cm day-l. The
standard deviations of dha(/dt are more than 10 times greater than the annual mean at
160°W, 140°W, 125°W and 110°W. The vertical velocity of the 20°C isotherm is greater
at 9.2°N than at 4.5°N along 180, 160°W, 140°W and 125°W?° and vice versa at 150°E

and 110°W. In contrast, <wg> is always larger at 4.5°N.
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Table 5.1. Annual mean and standard deviation (rms) of the movement of the 20°C isotherm
(oh20/0t), Ekman pumping (wg) and the model-simulated vertical velocity (w) at 4.5°N (near
the southem boundary of the NECC) and 9.2°N (near the northemn boundary of the NECC)
in cm day-1. The correlation coefficient (R) is computed for dhag/ot and wg in Case I, wg
and w in Case II, and ohyo/ot and w in Case III. R values greater than 0.57 (or less than -
0.57) are significantly different from zero at 95% confidence.

Jhyg/at WE w R
Mean mms Mean rmms Mean rms Casel Casell CaseIll

150°E

4 5°N 40 129 2.8 18.6 0.1 224 -0.68 0.74 -0.19

92°N 30 -14 -14 8.1 -1.1 142 0.66 0.73 0.67
180°

45°N 24 63 -369 115 258 289 023 0.19 0.07

9.2°N 46 13.8 -86 9.9 -103 227 -0.15 0.27 0.10
160°W

4.5°N 24 1.7 -57.6 106 -71.8 51.2 0.05 0.22 0.35

9.2°N 0.3 11.1 -45 103 70 176 -003 043 -035
140°W

45°N - 1.1 98 -646 18.3 -223.5 176.3 0.12 0.78 008

9.2°N -0.8 11.5 -87 9.6 1.1 145 -009 0.82 -0.38
125°W

4.5°N -19 7.9 -53.6 425 151.5 156.4 039 045 0.24

9.2°N 0.5 139 -1.5 183 12.0 131 021 0.09 -0.10
110°W

4.5°N 0.0 11.6 51.7 275 -14.7 31.2 030 0.56 0.12

9.2°N 1.6 109 34 8.7 44 108 006 0.10 -0.14

Of the three variables the annual mean model vertical velocity, <w>, has the
largest longitudinal and latitudinal variation. At 140°W and 160°W, for example, <w> is
-223.5 and -151.5 cm dayl, respectively, at 4.5°N but only 1.1 and 12.0 cm day-! at
9.2°N. The small values of <w> at 4.5°N, 150°E (-0.1 cm day-!) and 110°W (-14.7 cm

day-1) are associated with large standard deviations of 31.2 and 22.4 cm day-1,

respectively.
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a.Casel

The correlation between dh2g/dt and wg is computed in Case I. The correlation
coefficients (R) are shown in Table 5.1. Values of R greater than 0.57 (or less than
-0.57) are significantly different from zero at 95% confidence. Only at 150°E is the
linear relationship between dhpo/dt and we statistically significant. Note that R is
negative at 4.5°N, 150°E suggesting a significant out-of-phase correlation as it is the
inverse of the relationship between vertical motion and thermocline displacement
suggested in Eq. 5.1. Although not statistically significant, large R values are also
found at 160°W, 4.5°N (0.50), 125°W, 4.5°N and 9.2°N (0.39 and 0.21) and 110°W,
4.5°N (0.30). There does not seem to be any linear relationship between dhz0/0t and wg
at 9.2°N along 180°, 160°W, 140°W and 110°W.

The annual cycles of dhpg/0t and wg are illustrated in Fig. 5.1 (note that the y-axis
scale is different at 4.5°N and 9.2°N). Whereas dhpq/dt alternates between upward and
downward movements at 4.5°N, wg remains negative throughout the year, except at
150°E and 125°W. The only case in which dh2¢/dt and wg are both upward at 4.5°N is
in March at 125°W.

At 9.2°N, 160°W from November to April, Ekman pumping does not seem related
to the upward movement of the thermocline (Fig. 5.1.b). From May to June the two
terms are both positive and are both negative from July to October. Similarly, at 9.2°N,
140°W the model-simulated results do not substantiate Eq. 5.1 from January to April but
are very consistent with the dynamics expressed by Eq. 5.1 from May to December. At
125°W the direction of thermocline movement and Ekman pumping match from January
to April and from June to August; and at 110°W they match during the period from
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March to August. The only place where Eq. 5.1 appears to be a rough model of the
annual cycle is at 9.2°N, 150°E.

b.Case Il

Case II explores the relationship between wg and w at 60 m. The correlation of
wg with w is generally greater than that of wg with dhyg/dt (see Table 5.1). The linear
relationship is significant in the 150°E and 140°W sections at both 4.5°N and 9.2°N.
High correlations were also found at 4.5°N, 110°W and 4.5°N, 125°W. As indicated by
the fact that all the R values for Case II are positive, wg and w are in-phase. The lowest
correlations of 0.09 and 0.10 occur at 9.2°N in the 125°W and 110°W sections.

Figure 5.2 contrasts the annual cycles of wg and w (note the variable scale on the
y-axis). It is difficult to discern a relationship between wg and w at 4.5°N along 140°W
and 125°W because the annual fluctuations in w are very large; standard deviations of w
are 176.3 and 156.4 cm day-1 at 140°W and 125°W, respectively, compared to those of
wg of 18.3 and 42.5 cm day-!. However, the correlation coefficient at 4.5°N, 140°W
(0.78) is significant at 95% confidence. At4.5°N, 150°E there is close correspondence
between wg and w (R=0.74). Their magnitudes are also comparable from March to
August. At 4.5°N along 180°, the curves of wg and w have similar patterns only from
May to September. Along 160°W there is significant disagreement throughout the year.

Along 9.2°N in the western and central Pacific (i.e. 150°E,180°,160°W and
140°W), the period of upward w lasts roughly from June to November. In the far
castern Pacific, w is predominantly upward. At 9.2°N, 150°E, the correlation coefficient
1s 0.73 indicating a strong relationship between w and wg. In contrast at 9.2°N, 125°W
and 110°W, w and wg are uncorrelated as evidenced by the low values of R of 0.09 and
0.10.
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Figure 5.2.b Comparison of monthly averaged Ekman pumping, wg (thick curve)
and the model-simulated vertical velocity (diamonds) in cm day-1 at 9.2°N,



c. Case lll

Case III describes the relationship between w and Jhap/dt. This relationship
appears to be the weakest of the three cases. At 4.5°N, especially along 160°W, 140°W
and 125°W, there is a large disparity in the magnitude of the annual fluctuation in w and
oho/dt (Fig. 5.3.a). There is no statistical significance between w and dh¢/dt at each
of the six longitudes at 4.5°N and there does not appear to be any coherent period where
w and dhp/ot are in the same'direction (Fig. 5.3.a).

The only statistically significant R value (0.67) in Case III is found at 150°E,
9.2°N. At9.2°N, 140°W and 160°W, the negative correlation coefficients of -0.35 and
-0.38 indicate that w anddhg/ot are out-of-phase (Fig. 5.3.b). At 9.2°N, the
relationship is weakest at 110°W, 125°W and 180° where R values are less than 0.14.

5.4 Discussion

The question of whether the vertical movement of the thermocline is related to
Ekman pumping, as expressed in Eq. 5.1, was addressed in Case I. The results indicate
that only at 150°E is the relationship between wg and dhp(/dt statistically significant.
From the annual cycles of wg and dhp/dt, it was revealed that, at most of the other
location, Eq. 5.1 fails to model the annual cycle. Comparing the correlation coefficients
for wg and dhpg/0t at 4.5°N and 9.2°N, the correlation coefficients are higher at 4.5°N at
all six longitudes. However, the annual means of wg and ohao/dt at 4.5°N are very
different.

At 4.5°N the Ekman pumping was found to be large and negative, far exceeding
the movement of the 20°C isotherm. The Ekman pumping is negative throughout the

year at all longitudes, except 125°W, despite the fact that curl,T is positive during parts
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of the year. This indicates that the magnitude of MEB, on the r.h.s of Eq. 5.1, is

comparable to the magnitude of curl,T. Table 5.2 compares the values of curl,T and

Mfﬁ at 4.5°N along 160°W and 125°W. The Ekman pumping at 4.5°N, 160°W is
negative throughout the year (Fig. 5.1.a) evidently because the value of MfB exceeds

that of curl,T. The only occurrence of positive Ekman pumping at 4.5°N east of 180° is

at 125°W from March to May. As shown in Table 5.2, this is the only time and location
at which the value of curl,T exceeds the value of MfB. Since the values of curl,T and

MfB at 9.2°N also are of similar magnitude, both terms should be included in estimates
of Ekman pumping in the region of the NECC.

At 9.2°N the magnitudes of the wg and dh2(/dt are more comparable than those at
4.5°N but the signs do not always agree. There are many instances of movement of the
20°C isotherm in opposite direction of the Ekman pumping. There are two striking
examples in Figs. 5.1.b and 5.3.b. The first feature is the relatively fast (=30 cm day-1)
upward movement of the 20°C isotherm in May, June and July along 180°. This is
difficult to explain since there is no apparent forcing from either the Ekman pumping or
the total vertical velocity. The second feature is the peak in downward Ekman pumping
in August along 125°W.

Table 5.2 Comparison of the values of the two terms determining the sign of the

Ekman pumping velocity, wg at 4.5°N. If curl,T > Mfﬂ, wg > 0, or if curl,T < MEB,
wg < 0.

160°W 125°W
curl,T Mfﬁ curl,T MfB
(108 Nm-3) (108 Nm3)
JAN 14.0 20.2 7.5 9.2
APR 12.9 17.0 18.0 82
JUL 6.0 11.0 -10.3 10.8
OCT 2.7 9.8 -10.1 6.4
84
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This peak in negative wg is associated with a longer period of downward pumping from
July to November. There is, however, no response in the isotherm during this time.

There are also several cases of large differences between w and wg. The
differences occur in the eastern Pacific, along 140°, 125° and 110°W at both 4.5°N and
9.2°N. At 4.5°N from June through August w reaches downward velocities between
-400 to -600 cm day-! but the Ekman pumping velocity remains near -100 cm day-1.
The discrepancy may be partially due to time-dependent motions associated with internal
ocean dynamics which is reflected in w. Such effects are not included in the calculation
of wg, which is purely given by the wind stress. Unstable equatorial waves are
associated with intense downwelling and upwelling events near 3°N in the eastern
Pacific from June through February (Philander ez al. 1986). The timing and location of
the wave disturbances and the discrepancy between w and wg are thus consistent. The
difference between w and wg at 9.2°N are not as likely to be due to time-dependent
motions as the effects of these decrease with increasing distance from the equator.

The relation between NECC transports and the north-south thermocline slope
across the NECC was established in chapter 3. In order to establish a relationship
between the vertical velocities and the strength of the NECC, the north-south gradient of
the vertical velocities should be compared to NECC transport across the six longitude
sections. The largest magnitudes of the north-south gradient across the NECC of the
annual mean w and wg occur in the three central Pacific longitude sections from 140°W
to 180° (Table 5.1). The annual mean NECC transport peaks at 160°W (19.9 Sv) and
decreases smoothly eastward and westward. The longitudinal variations of w and wg
are thus largely consistent with the longitudinal variation of NECC transports.
However, there are several inconsistencies. For example, the relatively large Ekman

pumping at 125°W and 110°W of -53.6 and -55.7 cm day-! (Table 5.1) is not reflected
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transport which is the weakest at those two longitudes (Fig. 3.16). Also the large
annual mean NECC transport at 180° (17.4 Sv) does not coincide with large vertical

velocities relative to the other longitudes.

86



Chapter 6

Summary and Conclusions

An ocean general circulation model (OGCM) is used to study the longitudinal and
seasonal variation of the Pacific North Equatorial Countercurrent (NECC).
Observational data sets are limited in spatial and temporal extent. OGCMs provide high
resolution, basin-wide fields that can be used to study the first-order dynamical balance
of the current. In this case, the degree of geostrophy and the relationship between the
wind stress curl, thermocline displacement and vertical motion are studied.

In chapter 3, latitude-depth sections of the zonal current along 150°E, 180°, 160°,
140°, 125° and 110°W were studied. The detailed description of the longitudinal
variation of the NECC contained in chapter 3 is presently the only one of its kind. The
simulated NECC has a subsurface maximum in all sections but at 110°W. The annual
mean NECC is confined to the upper 187 m between 5.1°-9.2°N in the central Pacific.
Near the boundaries of the basin, represented by the 150°E and the 110°W sections, the
NECC shifts northward by 1 to 2 degrees and becomes narrower. The annual mean

core speed is approximately 25 cm s°! at 160°W.
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An algorithm is applied to the calculation of the transports such that monthly- and
spatially-varying boundaries are determined objectively. Eastward NECC transport
along 160°W, the strongest of the six longitudes, exhibits a maximum in September and
a minimum in February. The NECC transport decreases eastward from 160°W and is
lowest in the 110°W and 125°W sections. The seasonal changes in the transports can
also be viewed in terms of the current's changing boundaries. In addition to the
seasonal widening and northward shift, the thickness also changes. Especially large
variations occur at 160°W where the depth varies from 75 m in April to 337 m in
September. The 160°W transport maximum in September seems to be linked with the
great vertical extent, the largest of any section and month.

In chapter 4 geostrophic currents were calculated using the model simulated
temperature and salinity fields. Analysis of the geostrophic currents indicates that the
degree of geostrophy varies with longitude and season. The major findings of this
chapter are 1) the zonal geostrophic NECC has a surface maximum (in contrast to the
subsurface maximum of the total zonal velocity field); 2) the zonal geostrophic surface
current component, ug, is smaller than the total zonal surface component, up,,
throughout the year; 3) the magnitude of (ug - um) is largest when the current is weak
and smallest when it is strong; and 4) ug explains the most variance (=50 %) in up,
between 8°-9°N and 50-150 m.

In contrast to the surface maximum of the model-simulated zonal geostrophic
NECC, studies using observational data (Wyrtki and Kilonsky 1984) have found a
subsurface maximum in the strength of the geostrophic NECC. The reason why the
eastward zonal surface current in the region of the NECC is not in geostrophic balance
appears to be partially due to the presence of strong westward wind-driven currents. An

example was given for 160°W where the southward wind stress in March, averaged
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between 5°N and 10°N, cause a westward Ekman current at 5 m equal to 57% of the
total zonal current at 5 m (Table 4.2). The magnitude of the meridional local acceleration
was calculated and found to be insignificant in the annual mean meridional momentum
balance. The meridional local acceleration does however play a role near the southern
boundary of the NECC in the eastern Pacific (140°W) from July to January (Fig. 4.7).

The results of chapter 4 may have implications for observational methods. For
example, certain aspects of the structure of the NECC such as the current width and
thickness of the eastward flow can be inferred from the geostrophic method, but the
near-surface structure cannot. It remains to be determined whether this is a physical
characteristic or a consequence of the model design, particularly the application of the
rigid-1id approximation. The rigid-lid approximation eliminates differences in sea
surface elevation but it allows for pressure gradients to exist on the surface of the lid,
which are not included in the calculation of the pressure gradient used in the geostrophic
method outlined in chapter 4. In addition, the total zonal current component exhibits
more variance than the zonal geostrophic current component, especially near the
southern boundary of the NECC, such that typically less than 50% of the variance can
be predicted using geostrophic currents.

In chapter 5, Ekman pumping, wg, and vertical movement of the thermocline
(approximated by the displacement of the 20°C isotherm), dh¢/at, are calculated and
compared to the model-simulated vertical velocity, w, at 60 m. The relationship
between the three quantities is not simple and seems to have seasonal dependence.
Calculations were made for 4.5°N and 9.2°N which are typical boundaries of the NECC.
Correlation coefficients were computed for three cases 1) dhyp/dt and wg, 2) w and wg
and 3) oh2g/dt and w. The results indicate that the relations in cases I and I are poor

and the relation in Case II is also weak but stronger than cases I and III. Statistically
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significant (95% confidence) relationships were found only in Case I at 150°E, 4.5°N
and 9.2°N, Case II at 150°E and 160°W at both 4.5°N and 9.2°N and Case III only at
150°E, 9.2°N.

During the year, there appears to be a weak relationship between Ekman pumping
and thermocline movement (Case I) at 4.5°N, but none is evident at 9.2°N. However, at
9.2°N there are periods of 4-6 months where dhyg/dt and wg seem correlated (Figure
5.1.b); these are 1) from May to October at 160°W, 2) from May to December at 140°W
and 3) from January to May and July to August at 125°W. One distinct reason why the
relationships in cases I and III are weak is the assumption that
dh/dt=2Jh/dt+udh/dx+vdh/dy simplifies to dh / dt = Jh/Jt. This
assumption is probably not appropriate in the region of the NECC because the depth of
the 20°C isotherm changes significantly in the north-south direction. In Case I, the
model-simulated vertical velocity may differ from the Ekman pumping velocity due to
time-dependent motions such as the equatorial unstable waves described by Legeckis
(1977), Cox (1980) and Philander et al. (1986).

The results of chapter 5 also have implications for both observational methods and
methods of model diagnostical analyses. The results of Case III, which related dhag/at
and w suggest that the practice of using the temperature change at a fixed point in space
to infer the vertical velocity is inappropriate since the two quantities are uncorrelated east
of 180°. This is a method used both in observational studies (e.g. Meyers 1975) and in
modelling studies (e.g. Harrison et al. 1989). Since the vertical velocity is a dynamical
variable regularly stored in OGCMs, a more appropriate comparison would have
involved comparing the wind stress curl-induced vertical velocity and the total model-

simulated vertical velocity thus avoiding the assumptions inherent in using dh/ dt.



All together the results show that the seasonal cycle has the largest amplitude in the
central Pacific. Annual mean and standard deviation NECC transport, standard
deviations of the u and v components and monthly displacements about the annual mean
of the equatorial ridge near 4°N and the countercurrent trough near 10°N, are all largest
at 160°W. The standard deviation of the surface dynamic height difference across the
NECC, which gives the strength of the zonal geostrophic NECC, is greatest at 140°W.
Whereas the annual mean thickness of the NECC is largest at 160°W (174 m), the
annual mean width is largest at 140°W (4.8 degrees latitude). Future efforts to monitor
the variability of the NECC should therefore be concentrated between 140°W and
160°W.

There are some remaining specific questions about the detailed dynamical balance

of the climatological NECC which were not answered with the results presented herein:

1) What causes the 160°W maximum ?

2) What causes the maximum and minimum NECC transport to occur in
widely different months along the six longitude sections? And why does
the annual cycle of NECC transports along 180°, 160°W and 140° have
one maximum and one minimum when that along 150°E, 125°W and

110°W has two?

3) What physical processes cause the variance of the total zonal surface

velocity to exceed that of the zonal geostrophic surface velocity ?
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4) What are the seasonal and longitudinal variations of the dynamical

balance of the NECC ?

This study of the annual cycle of the NECC and its first-order dynamical balance
was based on fields generated by an OGCM forced by monthly-averaged, climatological
wind stress. There are thus some additional questions which should be addressed such
as 1) How would the result be affected if the wind stress curl were allowed to vary on
the sub-monthly scale? and 2) What are the inter-annual variations of the NECC annual
cycle and dynamical balance? These are studies that could be carried out with an OGCM

forced by one or more of the many wind stress products currently available.
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Appendix A
A.l

Hellerman and Rosenstein (1983) climatological monthly mean wind stress. The zonal
component is contoured with an interval of 0.1 N m-2 and negative (westward zonal
wind stress) contours are dashed.

93



20N
15N
10N

SN

Ss
108
15§

20s

20N
1SN
10N

SN

SS
108
158

20S

ST VTN TOUIN FUTITTUUTE FUUIT TN PUUUT TUUTN FUUUT TUUH FUUUT TUUIE PUUUT VOO

///1141-1'1.41::.-—s..h-..—//zflu
A A R N A JAN 3
ij/(%M/////'mff///r-H——w«rwuﬁx(//41
S K KA T P e e e K 7 1 -
1 Pl el el el e R e N P A 4
_b/r;vvvvvvvvz(f7>v»;}vvvvy/)//,, B
y A e e R T e AR -
4 //////////////////////////af’/I/ L A g %
sl Sl s o o o o o o o v% ot " et gl R A A
i G e P s g I SR Y ~
kR R Rl B ol O e el et et P e 3
y - /f///oﬁ///kwwpﬁﬂwﬁjnﬂﬁwﬁmﬁ.~\\\~ - - - . .
L R A R A B B P S —
E e 4-ar/"—r.—.—r--—‘..-.’...\\\\\\\\\\\lrtc X
. . L il e o ook S S SR N N N N N N N S ST T SR S
— LR S I AR IR A B ol el i e e e e T G N O O S ST S S S T Y —
.. L R R A L A R N N N N N N N W

E B R T R R o o N S S SO 3

— -~ L A Y A A i g o o R K o S UL N L N U U U N N ¥ —
L L R Y B B AP AP A o I S S S N N O W U N N W Y

b . N A AP AV A B T Sy N W G W W U N 3

= . L A A AP A A R N UL Ny W N N R N R Y b
P . R A A A A A IR o e R e T T U U W N

- E R T TR SR P R S U i A U R S R N 2
- ‘:'z L Eeplaeie f’!—.——hysh‘sN\&\\\

S
TTrTrryYT Ivvvv.vv-ulv

130E 170E 150W 11

v v'v-'v"'lvvvr ---.'-vvvlvvv-lu-

AAAI.A.LIIA.A.AAAAIA.IAAIAAAIlAlAJAAAAlA.Al.lIIAIAAAA.AI‘

9

el
4

<

o

<
p
<

<
—
P

-

Ty

70K

o
x

| PPV VRN P PO

V¥ 7/ 7/ 7 ¢ 7 7/ R R ey
AR EEEEEEEREREL St oy

K R o s oo i (o o o e el B
I R Tt Lt e el el a e e el a et
E ARt V7T el e et el asor el et a e
s /f///f/////)’.’:\c’k:—;t—’—v‘:-c"-—r—s

¢ 7 - 7 7 L i ek o L e e
.
'

e - - " e o= g o= B - o - - -~

- - e = e— e -~

A}

PR i o I S

-

-

- — -

21
rrrzee

Yrrerzervrreerg

- -

!

s e e m N\
A YW §
L A A N N .Y

-
.
.
.
.
0y

B N ST T Y
PP2 777770000 VANNNAS S & ]

L R R Y
tre
Ly
1ty

CeaaNAAY
R AR R N

PN — -

O TS SR S |
D N SN N Y
AR LN S W {
U RN ]
Provraagt
Trrrvrrr ey
frtrrrrrrr ey
17!
14

r?
-

e e

0

FEB E

YANY L,

Vrrrsr777+,. ...
V11277700 -
V72rrrerre ...
V2 rrr s .

4
4

P O O U U T O O |
o I I U R R IO OO OO A Y 4

yyYvyy vv‘l" Py \' v-v v.' I.vﬁ-vil l
130E 170E 15
TAU: 0.1 Nm=2

<
4
-
4

o

o
p =4
[
-

Figure A.1

94

“YVI,rrrrrs. .

p
-
P
<

© V11277777000t t AN~ -~

b o
~J
o
x



20N ...AJ....l..‘Ll.‘..l.‘...“..l........Al.........l....n....l;....,...l....l...
V2 ////zrrrrrt(///rr—-—-o—-—.«///( VAR U
-//////—/»r/<rrrxzrkrrr/k PN MAR -
P e e e iR el ol o SV o S I
15"—////{ﬁ(rd?/rryvrf;r(/V///V//lls l
./VPﬁ//rﬁ///vwvrrrvrvywr//)////t\ 3
A e el e i s s e S O S A AL
10N "/////////////////7//////// 5/ /4 =
B e o S o i Sl P IS I 3
> sy o L AN NS
SN -V . e Prrrrr S v R o s -
R O et ot o S it & A A 3
R ot A i g i g .
0 —:::-rrrrrrr—rwao—y:&:—';"-—r—~~----- . -
e SR . RN
E n.-——v--—r—l—.’r‘.—.—-—.—&-hﬁh‘hs-- - . . 3
58 — . .. F R P T L . %
. A N N
E P P I T T VI N N O O O U N N 3
los_ [ o;-arrr-—.——.—s-——-\\\\\\\\\\\\\ —
o e T 0 N N O T UL U
r ' e e e e e e e e e e e e s A RA N NN AN NN N VY 3
158 = ' P it i N N NN SN N -
[N . e e e e e e e e m e et AN NN NN VN
- LN A R o S N U N NN 3
205 ARl \"\\~-....-,.,-........_k.h........ LN WL SN L WL N
MAAAMAS AAASA ASRAS MAAAS AARAS MM ARAI 1a0d AaEAd MAMALASAAS MAMLAAAAS RASAMARAN

70K

-
n
o
b
—
-
(=]
x

130E 170E

20N ....1“..l....n....l....1....[....1..“|....|,...|....|....l“..|....l....lu
S e A A
I T ervv/y///lp APR .
b o e e e T e pa——a e O LN
15N-_'«’—¢eeeevvyrfcévw«yvryﬁ///ll\ s
B e N S e e o A LI 3
N S L e .Y, S i A I
lm‘_——r/rkkr'kvyyvvwwwﬁﬁﬂﬁﬁﬁﬁﬂ/////"' -
3 f//rr(kr//////////fmy/y/I FAY X
v"f’(k(//’(/////‘/‘///ia/ // (Y A A AR AR
SN - - v v r e A R L . —
¥ - ——'—.—'Vf.«.—‘j.///////// Ay . %
N b Ll o Lot ot il gl
o . ol ol o ol o ol d R T L L N S L o
S N N T T T LI I
lit-—'—'—'————’--—~-\\\\\\\\‘Qll' 3
ss i N R R T T S —
-'O-t-"—'——hsh-sh-\\h\\\\\\\\\\
N N N N N N N N U R Y 3
108 T L L N T N S S TR N —
.o P e T N e T T T T T
P N e A T 3
158 FR T T e e e i R S S T o
T T e e S it A T
\\\\\\s\ss—-—s—--u-ssu\\\\\\\\\\\ 3
203 - — \'\\\.\\\~.._.._-_...-._..~~~..--—-\\\\\\\\
AMSASas aaasa Aeass MASREASAS MARME ASRAS MARAEAMARS RASARM M MAMME MRS AAARS AARA

110K 70K

[
(4]
(=]
b o

130E 170E
tAU: 0.1 N m2

Figure A.1

95



20N
15N
10N

SN

5SS
108
15§

208

20N
15N
10N

SN

SS
108
158

20S

NUSTTUSIN PN TUT FPUTS TUUT FUUUSTUUN PRI TUU FUUUT TR PUTUTTITIN FUTTT IO

~

’

~

-

LI A

-

tttrterr . .

-

LA SRS G e ST SNy Gar
()
t

R P e Ay ey v
-~~——vrrrrrrr»vrwk/}/
il ot ol el ol ol e el ol 2 e
e e et e e o - etea e o o
—**7ﬁ77fww?nv¢ﬂéwwﬁﬁﬁffk
bl e A
— e e e e o X A
—ﬁ<r(w¢’lf’///VVVVY/(

bt St el el ol o e P
R e e N e
e b e P e S e
-

MRY

NN N e

-

pos

VN NNANNNANAY

-

!

- e e e e " e e e v

1
!

I O T B O A A K
b rrrrtr ey
prrrrrrtrrrrt

P -

-

- -
- - -~
- - -

ty vttt
fryyvr oyt

trrrrrr g

'
t
'
1

)
r 11

PP YL PP ANNNANANNS

VY1777 77700 eea.
V12727777700 mme
Yy 272777000 6o
YV 727727777 0 0 aann
TV AV VIV P R N
R

PP 7 77700 hee .y,
V1127272770000

trrrrrtrrrrr oy
trrrrrrrrr e

prrrrrtr ey

R O B B B O B B B R

SN A R

P10 777727700 c0cec.innnmee

V' /772 rs-.
V' /S 77
/7

y 77 ¢ .
V2 72 2 0 1 0
TV ¥ SV AN

y 7 11
21
7

130€

rrYYTYTTY

JIPLIILP e s VAN ]

Y727

P
p
P
<
P
<4
-
<
4
<
<
—
<
<
L
<
<
<
<
—
4
<
4
4
P
4

-
<4
4
P
.
P
<
4
<4
4
4
p
4
<
-4

4
<

p
—
<4

p
-

-
-J
o
m

-
-
(9]
o
x
[y
[
o—
b

| NN RS /
IR e et CAA LA N JUN
I R el ol el e e e Ll gl A A A T TN
\\s~~——ww—~p—ﬁwwvrr(////////Ils -
L it el adl ot el ool ol ol ol of 2t o U 2 o S gy Mg AP B B B T Y .,
Sl o ol ol el oo ol el e e C g P AP A B B B TN
_\~~—————wéiwer«ww??ﬁﬁﬂﬂﬁ///IIt|\~- =
R el e T R R X
R g il i ol i o ol g o Lo g i A I
i R it e e e P T T R N A PRI —
K R et ot o ol Pl g g P R SR N N TR 2 T A S I PR X
- A i ik T T T T T M T A 20K T B I S
- Rt i T S N U Y W N U U T I I B A ] =
E R T N T T T W S S N N O W S TR S T 2 ) 3
R R N . Tk T S e e N S S N S TR S |
- A A B B N L N R T O N O N U S N W S | -
Ve - L R e T O N e O U N G |
E D T e e S N O N Y 3
- AR I N N N N L N N W N R O —
A R Il S I N N N N N N N W WY
E AR R I I N A N ¢ N L N Y 3
- \\\\\\\\\\NN&&—~~~~~\&\%&\\Q$\\\\ b
\\\\\\\\\uug\xssusgsgkgkh\&dQQ$\\\\
E \\\\\\\\\\K\\\N\\\ss\gw\\\\\%\\\\ 3
M N N T T TR TS xy
vvvry | AARALAGASS RARAS AAAAS RARSSE AARSS AR SS M | DAAAAASASS RARAE ARARS RAASS M
130E 0 150K 110K T0H

.1 Nm2

o m

Figure A.1

96



20N

15N

10N

SN

Ss

108

1S$s

20S

20N

15N

10N

SN

SS

10S

158

20S

.AAAlALLAlAAAl‘llAAllAAAlAlLAIlAAAlLllAIAAAll

S
S
L
b

A‘lAlAAAAlAAAAlLAIllAAAAlAAA

N v~ ~ v s~ \NO-&O—-—.—-——J'—'Q/./‘/”//}//// i B
. N N N S R ‘.—o-.—.—./’///‘/// VAN B JUL -
N T L T ‘—--—afév’a///////fll ' .
iy RN NN \-~—-o—.—-o—orrrw‘//////// AN
N ~0-—0—v—0‘—'0—0-—0’0’//‘/////// PN AR g -
T ~—~-o—r—-——-—'———r0’// PV o 4 A A A E
3 v~ ----—-—c—wo—f-rro—/// Pl 4 A A R A
J"“‘“’“*>Fr'€ﬂ//ﬂvffllllc.:;.-. 3
y - - ---———v~—rrr////rr——---vrlarv~-—
-y - U N < i ok = < R LN N W UL I B AN B A A A .
3 - - [ L e U S SO S O U W VI U T S D NN B B R >
- B ittt N N N N N N N N W T S T A A R A 4
- - e N L UL U N N N O U U O T O A A 4 T
I N S N N 0 N N N N0 N NV O U U T O O 4 X
r - - . - P Y L . L S U U U U T B |
- P R A . e Y S e N L S T S O U T N UL | =
\“~------—.--~Q\k\,\ Lo N o T U N UL N T | 3
= R R i e TN NI
- L S R Y R N N Rt L L N NN NN =
LN \\s\s~\—h~h~skﬁs&%k\“x\\'\\\\\\

3 \\\\\\\\&N&suh-ﬂ&&g¥\\\\\\\x\\\ 3
= \\\\\\\\\\g\h~$ixkss\\\\\\\<\\\ =
\\\\\\\\\\\\kkk\k‘-k$\\\\‘\\\, Q‘\\

- \«x\\qk\\\\\\\guxkkk\k\\\\w\ NN 3

e
b

9

3

3
-

170E

| VST YA FUUUS TUTR PUTUT PV FUUTT AN

110K

| RV PN TV NPT

LS ..—--—~—r—o-wkm—//d‘(//// 1
1\\~\~~~~~u—~-rwerww///‘//Ill HUG 3
S A o A e T 4

-,.|\~~-s--_~h~ke"//// LSS -
E L e mhates o -—-o’"b///‘//f///// LA e
by 1 v s . - _._—--o—wo-o—#rk/ ,{///// o0 -
—;;-.~--—-————v~¢f$v/////ra...-., P —
_w/---»~-~-—-—-—.—r-r.—r/////(:c- P R - X
P TR A R P R R I N A B T A A A -
- . . . = I N U T T B B NNV N S B S A .- - w
¥ - .- ..-----.---\\\\\\\\\ltrIII//:— X
b - . . e N N U N U N U N U WO W U U IO A B O A S 4
- . . [ U N W N R N N UL N N N U OO T T D D B N -
. . N N L e N N N O N O VL U U O IR IO B A B .
. P N R N N N N N T T VI N N W S T TR A A 4
[ L SR R N T L U N O Y T T S S | —
P R N R L N S O O N N U N U U T |
L T e i i e N e T T N N N N N | 3
L N R R Y L S NS S N —
\\\\\--~_~~———~dkkﬂk\\\\\\\\\\\\
E R N R I o Rl e &kk\ﬂ\.\\\\‘y\\\\\ 3
= \\\\\\\\\x\\hﬁhh\@kwk\\\\\\\\}\\ _
\\\\\\\\\\\x&\»s«ﬁsuuﬂ\\\\\\\\\\
k AR S ANRKSN SN S s s - e Lt A NN N 3
LN ﬁ\}\ ey e Sy S Jo = .

130E

Yy TYTYY

-
4

p
<

4

Y AR ]

150K

T
170E

TAU: 0.1 Nm2

Figure A.1

97




20N
15N
10N

SN

Ss
108
158

208

20N
1SN
10N

SN

SS
108
158

20S

3
9
=
b

AA.A.lAlAALA‘AAAAlAAAA‘A.AAIjIAA.AAAI'AAAIIAA-llAAA‘.-AAl

S
S

b
b=
S

9

b

b
p
9

9

b
-

b
9
-

‘?fl\\-------_,,,,__,,f////1\u
E N P Y Y R SEP X
R R e e et el al e A 4 A B IR
-3 . D R il R R P R R okl o P e e v g P A B B T 3
Kk T i R S PSP & e 2P 3 2 SN 3
P N U S B PP D S
I I N Tl i I L =
-V’l ’ L B B I Y i Y Y T . LI I A & 2 . X
b o s 0 . LI R A R S T R S B B 2 I I
- - - - . D R S 0 L YL YA N N B B I SRV N 2R S Y Y =
.- ... L - LN N N N L VO W N TR O T Y N 2 N A P I X
- . Sr s s s s s SNNNNNNYY Y LT ILEL 2,
- . R L S N N SR TR T 0 . U U U T U T A A I B N 4 =
L L S N N N N . U N W O U O W T B O Y 4 3
. . R R L N N T NI L O W N U W W T D B A 4
R L R e B T T U S U O L N N UL W U U I B =
D R A e e i s e T U S S N O N N N N N W W T 1
DS A N N 3
R b bt s S A A N N N Y .
LI T R R e i o o e L R S A SN Y
ANt abakatatatabat A8 LSV E M 3
N N U i v W A AN N N NN —
\\\\\\\\\sxg~~~~—~s&w&kkk&\\k\&§
\\\\\\\\\\\K\NN\&&-Q—&&‘H*\K\\\\\‘ 3
LN NN N ey A0 e
AMMLASAR MARASARAAS MARAA MMM RARSE AARAS AASAEAMAAS RARASAMALS RASASAAARS MaRRS AaRS
130E 170E 1504 110K TO0H

..Al....l..l‘l...‘J...‘l...

9
b
=
9

FAPS TUUTE FPUUS PUUIN PUTUR TOURY JUUT PN

f;/—-—ﬁkfﬁwrwrrrrrr—wrr///llIu
.y,,.—-—.—b—o—a—kr')y’.——.—ro——’-”\f////Il OCT -
y——v——a&wwr/ e rawa e S S S
-w———-—o—o—o—.ro—ﬁfo—o--—r-—.—‘—'ﬁc’o’/)'///// L 3
e e e e Lo g D N A R .
S et et el e et o Ll ot P AP N A ¢
e T e T PP e e I P A A B o . -
ks . T T T e T i i A 2 S TSN . 3
f e e et e e e e e e e - L T I S
— L T T . T T R T Y B I S I R S i R e
3 e e s s s e s MM mmNNNNNDNNNY YL s, 3
Se e s v e s s s NN NNANNNYYN YL L L2,
- - LN TV U U U U U U U WL O O T N A A R A 4 -
E T T N NN N N U N R U W O O U O O Y 1
E L N N T L UL N L W N N N W WL T (R 2 A
- e e . L R N N N N . U U L U U U U W W S B { =
RS L A R B T S R R N T U U U W T W
k AtV U S P N R T N N P 3
= i S R R N —
L R T T T T e e E R Wy W N U O Y
E L T T IE ey e S RN S N N WY 3
- \\\\\\~-~~——-—---——~s«k{Q~R\$\\\ .
\\\\\\-~s~s~~~-————_hsgx~\\\w§\\
& L R R R R e b b e SC AL N NE L NN 3
- = o - =

{1 70E 150H 7 110K 7J0KW
TAU: 0.1 N m2

—

Figure A.1

98



N POVITTN

b
S

b
-
S

3

9

b
p—
b

9

3

b
=
9

9

20N - oL,
P e e e & 7

7 4
1//(.~K(rf.-—f//rr-—;r.—rq-——o—o—r//.‘</// lp NOV .
DR eI, ey e e i o O
15N —/fr(ko’/r////rrrk—-k(//////)//I ¢ =
.‘//rr’rrwk///-’k’k’o"/////// e 2 A 3
D - O e a at o aC a2t b o S A A AR ‘3
10N "'/r-—-—r)e—ko—o—/r/rwo’////./////f//If « e 4wy e
.r———-—o—‘—w"/a’vr(/’/n////ﬂ/rrtr - e e 4 A
L . . - '.-/c—.—-.l.—ro—o\'”-' PP e L - - et e,
sN -'v~-»——rr.——.—.—r-—r.‘.—o\—o—o—o—o—.——-u—\\\... PR - =
E U I L L U N N N T D U I B D e X
[ U S S S N L N U U U U T U S R A A AR S
0 e N N A S SR SRR T S 2 —
B e S Y S N N U U U U T O T O 4 3
O L S N N U W W U U O A A 4
ss . i N A S Y O N N U L e | -
S N N T U U U U I |
D L L N N O N N R Y T 3
108 . FR U U U S A S T T T SR Y =
e e e . P A N S Y T
PO J T e b2 ha e S TN N UL L WY 3
15s ..\-\-.---_.—'—'af.---_d.k\&k\\\\\\\ -
\\~~~--s~——-—————r—-—o\»k’k\\\\\\\
[ N N A o aanhati Th Beihe Sho N i N ) 3
N U S L Y FrFEr b PR N
20S 'vlvlv-‘-Ivv'v'vvvv'vvv'|v"vl-v""v—'fl AAMAAAASS RAAAAARARS RARREAAARS MAMAE MMM

130E 170E 150K 110K T0W

20N Lasagagaad ....h...l..“n....l....luul....l....l....1..A.I..ul.“.l....l...
“ /(/rtt///{l//(’o;—o—o—r—/o’}(///lu
-,75‘ /./(re//(//</r.rk.—-———///)(// ] DEC 3
» .J-(V)-A////////ofrw// P S AN AN )
15N PPl el et e’ e e et el ok g P A
S S S o o e ettt il ././ .// PN s
B e e e e K o o & S A
1 1] R e L o 4 7 AR AN =
I e . e o ot ot a ot o o o . A A A AR AR G SRR .
4 /r/)(,(///a’////’//////////”rr P A I A Y
5N by 4 - - /N//rr-f—(./rrrr/rkr.’/frv -——— .-y s —
¥ - r('(()‘j".‘/’f}”@“r—o—’- P N N N %
l+ »-tff'f”——’.’r—‘—.—*‘—‘—&\\\\\\\\\\\\~ v .
0] UL e o 0 O U N N U T T T B Y Y 4 =
k N W W S S G N O Y T T T T I A 4 .
. P JE U St ey W W N U S U B B T
55_ A D N R O N L Y U N U T R S | p—
3 P A R G A I o ol ‘07%',#‘\\\\\\\\\\\\| X
- ll'-If’u‘f.—.—.—‘—‘—“\’\\\\\\\\\\\\
los_ P i o ok ke R N N N T T T T | —
~-nn‘l41///’/——-.—.—0—.—“\\\\\\\\\\
= . PR e S S S S SR SO SO N N NN 3
155— F T D B R et e S N N W Y =3
R I ot o R i N S N Y
E F i T I i S o R i N N NS 3
PSS P — e e e e e
20S PR T --'.r,r,r..'.m,...,'.:u'\,h.&f.,\..,.

130E 170E 150W 110K 70M
rRU: 0.1 N m~2

Figure A.1



A2

Climatological monthly mean wind stress curl computed from Hellerman and Rosenstein
(1983) wind stress. Contour interval is 5 x 10-8 N m-3 and negative contours are
shaded.
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Figure A2
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Figure A.2

102



Figure A.2

103



L. A | NPT

14 oot bt Ly .
10_;;252_ X\j__\f/ LU /_W\/‘J

@

O\

AR

L NS 00000 MAatsans Manteanand adas danes MateAtaat taasaaRsed
130€ 170€ 1504 110W

Figure A.2

104

T "flv




14 /@ VOUT PRI lqu\jJU/. Loy U TV
03N\ /\5 k\ f@ W i
5 50 3
s_"" - ) O Q '_
5 L3 A T~ __
2 3
6 3
10 i
-14 -

130L TOK

Figure A.2

105



70KH

110K

150K

170E

130E

TOH

110H

150K

170E

130E

Figure A.2

106



Appendix B
B.1

Maps of monthly instantaneous sea surface temperature.
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B.2

Maps of monthly mean sea surface temperature.
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B.3

Maps of monthly mean surface currents. The zonal component is contoured with an
interval of 50 cm s-! and negative (westward) contours are dashed.
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Appendix C
Latitude-depth sections of monthly mean model zonal and meridional currents,
zonal geostrophic current, temperature and dynamic height
along 150°E, 180°, 160°W, 140°W, 125°W and 110°W
C.1
Zonal current

Contour interval is 10 cm s-! and negative currents are shaded
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C.2
Meridional Current

Contour interval is 10 cm s-! and negative currents are shaded
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C.3.1
Zonal geostrophic current from 2.3°N - 15°N

Contour interval is 10 cm s-1 and negative currents are shaded
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C3.2

Comparison between the zonal geostrophic current at 5 m relative to 484 x 104 Pa (thin
dotted curve) and the 5 m model total zonal current (thick curve) in cm sec-!
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C4

Profiles of the dynamic height anomaly at 5 m relative to 484 x 104 Pa in dyn cm

179



DYN CM

JANUARY

180 180

150 150E | g0 180
140 140

130 —‘\_~*\\\\,//// 130

120 120

1104 110-3

100- 100

90 90
SO 80— re—r—r—
160 160

180 180W | ,qp ] 140N
140 140

130 130

120- 120

110 1103

100 100

90 90

80— T e —— L LIMALAY WA it Mt
180 180

1504 125W | ;o0 110K
140-] 140

130 130

120 120

110 1104

100 100-4

80- so-\\\\\\\‘\\\\\_,///'\\\~,/”"
80—y 80—y

138 108 SS O SN 10N 15N 158 108 358 O SN 10N 15N

Figure C.4

180



DYN CM

FEBRUARY

180 160
150 150E 1503 180
140{ 1403
1304 _’—\\\\\\4/// 130
120 120
1105 1103
100- 100-
90- 90-
80—y Ty 80—y T~
160 160
150 160K 150 190K
1490- 140
130- 1304
120- 1203
110 110
100 100
90 90
80—y 80— frrre Ty
180 160
180 125K 1803 110N
140 140
1304 1303
120- 120
110- 110-
100- xoo-\\\\\\s\\\\\-_
90-] 90 ,/’—\"//—~
80—Jrrrrrrrrrrre v rT———y 80— frrer ey
138 108 9S8 O SN 10N 1SN 138 10S 358 0O SN 1ON 13N
Figure C.4
181



DYN CM

MARCH

180 180
150 1S0E 150 180
140- “’_‘*‘\\\\’/// 140

130- 1304

120 120

110 110

100- 100-

80 80

B0 r—p——— 80— frmrereprrerr e rr——
160 160

150 180H 150 1490NW
1490 140
130-””/’_5\\\\\\\_-///’—\\\\_—/// 1304

120- 120-

110- 110

100 100-]

90- 80-

80— ey 80—y ey
180 160

150 125K 130~ 110W
140- 140-

130- 130

120 120-]

110- 110-

100- 100-

80 so-\\\\\\\\\\\\_ﬂ,//'—~—////’—~
80 —frrrrer ey 80—y

138 108 S8SS O SN 10N 15N 138 108 S5S O SN 1ON 15N

Figure C.4

182



DYN CM

APRIL

180 180
1303 1S0E 1304 180
140 ———-——~\\\’/// 140

130 130

120-] 120-

110 110

100 100-

80 90

ec L l L} l T I L] l LS l L} oc Li l Li l T l T l L} l L)
160 160

1504 180K 150 190K
140 140

130 130

120% 1203

110{ 1103

100 100

8903 90 -

80 g T T T ¥ ] T T v T Y 80 T | Y T T T T ] T T
180 180

1503 125K 150 110W
xqo{ 140

130 130

120 120

1104 110

100- 1oo-\\\\\-\\\\\~‘,////~\\~,///’—~
80 90

ac L l L I L ' 1 4 I L] I ¥ .c LJ l L] l L} ' L} ' L hAd l L]

138 108 358 O SN 10N 15N 1358 108 358 0O SN 10N 15N

Figure C.4

183



DYN CM

MAY

180 160-;
150 150E 180 180
140- —'“~——\\\\’/// 140

130- 130-’////’-\\\\\\\_,__\___,—————
120~ 120

1104 110

100- 100-

80 90
80~ —r—y 80— frrrre T rr—T—y

180 180

150 180W | p.] 140K

140- . 140-

130 130
xzo——/————‘\\\\\\\_______\\\\_”/,/ 120-

110 110-

100- 100
903 90 -3
80— 8O-y r——T—y

180 180

1504 1250 | 0. 110K

140- 140

130 130-;

120- 120

110- 110-

100 xoo-\\\\“\\\\‘/////’\\\4///'_"
80-] 80
0Ty O

158 108 35S O SN 10N 1SN 1358 108 3SS O SN 10N 15N
Figure C.4

184



DYN CM

JUNE

180 180

1503 1SOE | ;gp 180

140- —~—__ ] 1404

1304 130-/’"‘_—\\\\\__,/—\\\y,//’”

120 120

1104 110

100- 1004

80- 90

80—frrvrrrrm T I MM Mt 80T

160 160

150- 160H | (0. 140K

140 140

130- 1304

120+ 120-

110- 1104

100 100

90 90

80-Jrrerrrreprr T 80—

1680 180

140 140

130 130

120 1203

110- 1104

100 100—~\\\\\~\\\\\\_,/’,//"\\__,/—~—~

80 90

ac L l ' l L § ' L] l T 'c L) ' L ' L] ' L) ' L] ' ¥
1SS 108 5SS O SN 10N 1SN 15S 10S 58 0 SN 10N 1SN

Figure C.4

185



DYN CM

JULY

180 160

1504 150€E 1504 180

1403 1403

130 T — 130-’—’__——_~\\\\\_————~\\\\_////—

120 120

1104 110

1003 100

80 90

80— 8O

160 160

130 160W 1504 140K

1403 140-

130- 1303

120~ 120-

110 1104

100 100

90 80

80—y 8O

180 160

150 125W 15043 110K

140 140

1304 130

120 120-]

1104 1104

100 100_\/\_‘

80- 904

80—t~y 8O ———
158 108 35S O SN ION 15N 1S5S 10S 5SS O SN 10N 1SN

Figure C.4

186



DYN CM

AUGUST

180 180

150 150€ 150_E 180

140- _,\/ 140

130 130-:/’\‘/\/

120 120

1103 110

1003 100

90 90

ac L] I L l L ' LJ l L) l L) ec T I L) l L l L I L l T

180 180

140 140

130 130

120 120

110 1104

100 100

803 90

ec L4 l L) ' L I 1 l 4 I ¥ ec L I L] l L I T I L I L)

160 160

1503 125K 150 110H

140 140

130 130

120 120

110 1104

80 80

.c v ' v ' T l v ' L4 ' L .c‘ L) l L I L] ' L ' 1§ l L)
138 108 58 O SN 10N 1SN 158 108 358 O SN 10N 15N

Figure C.4

187



DYN CM

SEPTEMBER

180 180

150 1S0E 150 180

140 140

1304 ’A\\\\///‘ xm-”’lh\\\\v//\\\v//

120- 120-]

110 110

100 100

80 90

80—y r————y 80—y pr—r—y

160 160

1304 160MH 1502 140K

140 140~

1304 130

120- 120-

110 110

100- 100-

80 90

ac'I'I'I'I'I' ec'l'l'l'l'l'

180 160

150 125K 150-] 110K

140 140

130 1304

120- 120-]

110 1104

80-] 90

80— T ———r—y 8O rr——r—
158 108 SS O SN 10N 1SN 1S5S 10S 58 O SN 10N 15N

Figure C.4

188



OYN CHM

OCTOBER

180 180

150- 150E 1504 180

140- ——‘”‘\\\\“//// 140%

130 x304—‘—”/’—\\\\\_ﬂ///ﬁ\\\\_///

120 1204

110 110

100 100

80 80

8o it M Mttt R At Mt il Al b a0 b | I I | Ak M

160~ 160

1503 180M 150- 140K

140 140

130 1304

120 120

1103 1104

1003 100

90 90-3

80 Lk i AGAtd Mabhi bt Mkt it Mt i 80 L | 4 1 | bt R

180 180

1503 125K 150 110K

140 140

130 130

120 120

1104 110-

pos ‘°°‘\_/\

80- 80

80 Ak bttt Ml ithit Mttt abi it R 80 R | 1 I | DA M i
158 108 58S O SN 1DN ISN 158 10S 5SS O SN 10N 135N

Figure C.4

189



OYN CHM

NOVEMBER

180 180

180~ 150€ 150 180

1404 140

130- —__/ﬁ\\\\\d//// 1304

120-] 120

1104 110

100 100

90- 90-;

sc L J ' £ ' ¥ l L} ' 1 I | b .c ¥ ' | § ' L} l L4 ' 4 ' L)

160 160

150 160K 130 140K

140 140

130 130

120 120-

1104 1104

100 1004

90- 90

ae L4 l L) ' L § l 1 l 1 l L) .c ¥ I L) l L] ' L} ' 1 l L)

180 180

150 125K 180 1108

1903 140

130- 130-

120 120

1104 1104

100 xoo—N\\\\\\\\\\___,///'\\\\\_____

80- 80

.c L] l  § I L} '  J l v ' ) .e ¥ ' ¥ I T ' L] ' I 1 ]
158 10S S8 0O SN ION 1SN 15S 108 58 0O SN 10N 1SN

Figure C.4

190



DYN CM

DECEMBER

180 180

150, 1S0E | ys0. 180

140~ 140-

130 V\/ 130+

120- 120

1104 110

100- 100

90~ 80 -

R e ineientd ittt ettt ittt 80—

160 160

150 160K | up 140K

140- 140-

130- 130

120- 120

110- 1104

100~ 100

90 90

8Oy 80—

160 180

130 125K 150 110K

140- 140

130- 130

120 120

110- 110-

100 xoo—\\\\\\\\\\\\_,///’\\\\_,,,_,

90 90

R e et st i ekt e R Wttt it i metates Mt
158 108 S8 O SN 1ION 13N 158 108 35S 0O SN 1ON 1SN

Figure C.4

191



C.s5

Temperature profiles in °C
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